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This article describes the basic principles of steady-state and time-resolved ﬂuorescence. The formal equivalence of the two
methodologies is described ﬁrst, followed by the extra advantages of time-resolved methods in revealing population
heterogeneity in complex systems encountered in biology. Several examples from the author’s work are described in
support of the above contention. Finally, several misinterpretations and pitfalls in the interpretation of ﬂuorescence data and
their remedy are described.
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1. Introduction
In the past several decades, ﬂuorescence-based methods have
found widespread application in biology. These applications
cover analytical, structural, dynamic and mechanistic aspects of
biological macromolecules. The power of ﬂuorescence spectroscopy in comparison to other types of spectroscopies stems
from the following: (i) high sensitivity (a single molecule can
be tracked from its ﬂuorescence); (ii) selectivity (ﬂuorescence
from a protein in its native environment in a living cell can be
monitored); (iii) high level of environment sensitivity of a
ﬂuorescent molecule used as a probe and (iv) feasibility of
monitoring wide timescale (fs to seconds) of dynamic processes. This article is divided into several sections: The
beginning sections give a comparative study of steady-state and
time-resolved ﬂuorescence techniques and the relative merit of
each technique. The last section addresses some of the common
pitfalls and errors encountered in interpreting some of the ﬂuorescence parameters. Typical applications of ﬂuorescence
spectroscopy in bringing out structural and mechanistic aspects
in biology are also elaborated. The examples described are
from the author’s recent work.

2. Steady-state and time-resolved ﬂuorescence
The three main observable parameters in ﬂuorescence are
(i) ﬂuorescence emission intensity, (ii) emission spectrum
and (iii) ﬂuorescence anisotropy or polarization. While the
http://www.ias.ac.in/jbiosci

ﬁrst two observables arise from photophysical and/or
photochemical properties of the molecule, the third observable provides a direct read-out of motional dynamics of the
molecule. It is important to note that all the three observables
are very sensitive to the environment where the ﬂuorescent
molecule resides. It is even remarked that ﬂuorescence is a
highly sensitive technique. Most often, the identity of origin
for the change becomes only speculative, except in situations
where the origin of change is artiﬁcially incorporated in the
system, for example, Forster resonance energy transfer
(FRET).
All the three observables can be monitored either in the
steady-state mode or in the time-resolved mode (Valeur
2002; Lakowicz 2006). This is common to any form of
spectroscopy. Steady-state spectroscopy, wherein the system
is illuminated by a continuous source of light such as a
mercury lamp, is much less expensive when compared to
time-resolved techniques which require either ultrashort (fs –
ps) laser pulse or an oscillatory source of excitation and
equally complex detection set-ups. Apart from the cost
advantage, the steady-state techniques win over time-resolved methods in their robustness of measurement. The
robustness of the steady-state techniques arises from their
relatively simpler instrumentation (such as a lamp for the
excitation source and a photomultiplier tube for detection of
emission) when compared to time-resolved methods, which
require complex instrumentation for both light source
(pulsed mode-locked laser) and detection techniques (timecorrelated single photon detection or ﬂuorescence
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upconversion). This may lead to the question ‘why go for the
more complex time-resolved techniques?’ The answer lies
the capability of the time-resolved techniques to resolve the
heterogeneity of the system by using time as an extra
dimension. Biomolecules by deﬁnition are complex systems
– even a single-domain small globular protein is heterogeneous in its structure and dynamics. This makes time-resolved techniques extremely valuable in revealing the
complexity of biological macromolecular systems (see later).
The early use of steady-state ﬂuorescence intensity (Iss) as
an analytical technique is based on the equation:
Iss ¼ e/½CX

ð1Þ

where e is the molar extinction coefﬁcient (at the
wavelength of excitation) and / is the ﬂuorescence
quantum yield of the molecule kept at molar
concentration of [C]. X is a scaling factor which
incorporates intensity of the excitation light, fraction of
ﬂuorescence collected, ampliﬁcation factor of the
detector, and more. This equation directs one to look
for a high value for the product e / while choosing a
bright ﬂuorescent probe molecule (ﬂuorophore).
Fluorescence quantum yield / is given by
/ ¼ kr =fkr þ Rknr g

ð2Þ

kr represents the radiative rate constant associated with
transition from S1 to S0 and R knr represents the sum of all
the non-radiative processes.
While equations 1 and 2 relevant for steady-state ﬂuorescence experiments, pulse excitation-based time-resolved
ﬂuorescence experiments give ﬂuorescence lifetime, sF.
sF ¼ 1=fkr þ Rknr g

ð3Þ
3. Fluorescence lifetime distribution

Hence,
/ ¼ kr s F

Eq. 4 fails. Multiple conformations of the ﬂuorescent
molecule may have different quantum yields and emission
spectral shape. However, due to the broadness of the emission spectra, the components cannot be resolved from the
observed overall broad spectra. This is the main limitation of
steady-state measurements. In contrast, time-resolved ﬂuorescence measurements would succeed in revealing the
heterogeneity by resolving the intensity decay in the timescale corresponding to excited-state lifetime. Furthermore,
even when the various conformations of the molecule are
interchanging, time-resolved ﬂuorescence measurements
resolves them into various components since the rate of
exchange among various conformers are much slower than
the picosecond–nanosecond timescale associated with ﬂuorescence lifetimes. Thus, ﬂuorescence lifetime distribution
gives an ultrafast snapshot of the population distribution.
Time-resolved ﬂuorescence has an added advantage over
steady-state measurements. Fluorescence lifetime is independent of factors such as concentration of ﬂuorophore, light
scattering from turbid samples and instrument factor X
(equation 1). In contrast, estimation of knr from steady-state
intensity (Iss) will require information on e, concentration
and X (equation 1) apart from complications arising from
light scattering from turbid samples. These limitations often
become very acute in biological samples. For example,
estimation of intramolecular distances from steady-state
FRET are often fraught with uncertainties of estimation of
concentrations due to overlapping of several absorption
bands of ﬂuorophores. Similarly, estimation of concentration
of ﬂuorophores in ﬂuorescence microscopic images is nontrivial, making time-resolved methods far superior to steadystate measurements.

ð4Þ

It is important to note that kr is largely insensitive to environment except for refractive index change in some situations. However, knr processes are highly sensitive to the
molecular environment. Thus, ﬂuorescence spectroscopy
helps to obtain information on the non-radiative process(es)
(and hence information on the microenvironment around the
ﬂuorophore) by monitoring the radiative process, namely,
ﬂuorescence.
One could take the view that the information content of
steady-state (equation 1 and 2) and time-resolved ﬂuorescence (equation 3) experiments should be identical (as
shown by Eq. 4). This is true for a homogeneous system
characterized by a single lifetime, sF. As mentioned earlier,
even the ‘simplest’ molecule encountered in biology, such as
a small protein, has a distribution of ground-state structure,
thus making it complex. This is where the practicality of

It was mentioned earlier that time-resolved ﬂuorescence
reveals several conformations of the molecules which are
buried under the steady-state emission spectra. The multitude of conformers could be either a few (2–4) in some cases
or a very large number ([ 100) as observed in many cases.
Biopolymers such as proteins and nucleic acids and membranes are expected to have a distribution of conformers/
structures. Flexibility of biopolymers results in a continuous
distribution of conformers whose energy difference is less
than thermal energy, kT. Time-resolved ﬂuorescence has the
capability of revealing such continuous distributions.
Although several methods such as Gaussian or Lorentian
distribution of lifetimes (Navon et al. 2001; Alacala et al.
1987) are popular (due to their ease of computation), maximum entropy method (MEM) (Brochon 1994; Swaminathan and Perisamy 1996) of generating lifetime
distribution from ﬂuorescence intensity decay curves scores
above other methods. MEM is an unbiased model-free
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method unlike the others based on Gaussian/Lorentzian
shapes as they assume the shape of distribution and the
number of distributions. However, unlike the methods based
on a pre-assumed shape (Gaussian/Lorentzian), analysis by
MEM is often fraught with instability in analysis as this
methodology is well known as a solution of an ‘ill-posed’
problem (Loubes and Pelletier 2008). Hence, great care
should be exercised while interpreting the results obtained
from MEM analysis (Chakraborty et al. 2015; Haldar et al.
2010; Haldar et al. 2012; Jha et al. 2009a, b; Krishnamoorthy 2012; Krishnamoorthy and Srivastava 1997;
Krishnamoorthy and Ira 2001; Lakshmikanth et al. 2001;
Mondal et al 2016; Mukherjee et al. 2007; Swaminathan
et al. 1994a, b). This aspect will be elaborated in the
examples to follow.

4. Case studies of population heterogeneity revealed
by time-resolved ﬂuorescence
4.1

Cases where a few (2–4) species are encountered

The following two examples are taken from the earlier work
from our laboratory.
4.1.1 Intracellular pH estimation by ﬂuorescence probes:
Fluorescent pH indictors are very popular in cell biology
(Han and Burgess 2010). In general, estimation of intracellular pH by ﬂuorescent pH indicators from quantitative
steady-state ﬂuorescence microscopy requires information
on the following: (i) concentration of the ﬂuorophore at the
location where the steady-state intensity is monitored; (ii)
path length of the observed location and (iii) presence of
macromolecule-bound form of the probe other than acidic
and basic forms of the probe in their free (unbound) form.
The ﬁrst two limitations are overcome by the use of
ratiometry of steady-state intensity wherein the intensity is
monitored at two different emission bands, one corresponding to the acidic form and the other to the basic form
(Yao et al. 2007). Ratiometric pH indicators such as
SNARF-1 (semi-napthorhodaﬂuorescein-1) which are
extensively used in estimating pH in various cellular compartments rely upon standard curves generated under in vitro
cell-free conditions (Sekek et al. 1991). The non-applicability of such standard curves to pH estimation in cells is
primarily due to binding of these probes to various macromolecules in cells. The extent of such binding vary from cell
to cell and from one location to another within a cell and
thus resulting in inability to generate the appropriate standard curve. This problem encountered in steady-state ﬂuorescence was circumvented by time-resolved ﬂuorescence
(Srivastava and Krishnamoorthy 1997a, b). Time-resolved
ﬂuorescence of SNARF-1 in cells revealed three lifetimes,
0.5 ns, 1.5 ns and 3.5 ns (Srivastava and Krishnamoorthy
1997a, b). The three lifetimes are well separated such that
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the recovery of lifetimes and their amplitudes from the
intensity decay curves were robust. The ﬁrst two lifetimes
correspond to the acidic and basic forms, respectively, of the
pH probe in their free form. The third component (3.5 ns)
was identiﬁed as SNARF-1 bound to macromolecules. The
relative amplitude of the ﬁrst two components was used in
estimating the pH. Furthermore, it was found that the fraction of the third (bound) component varied from cell to cell
and from one location to another within the same cell. Thus,
the complication arising from probe binding, which made
the steady-state measurements unreliable, was overcome by
the application of time-resolved measurements (Srivastava
and Krishnamoorthy 1997a, b).
4.1.2 Mechanism of action of ﬂuorescence-based membrane potential indicators: Membrane potential in cells is
measured by one of the two following methods: (i) direct
method of measuring the potential across two electrodes
which are positioned across the membrane and (ii) indirect
method of using membrane-binding ﬂuorophores whose
emission intensity is modulated by the membrane potential
(Ebner and Chen 1995). While the ﬁrst method is direct and
hence does not depend on any standard curve (unlike the
second method), it is often impractical in single cells and
tissues. Fluorophore-based method has the advantage of
monitoring the potential in several cells simultaneously and
in locations which are inaccessible to electrodes. However, it
should be mentioned that in a very recent work (Jun et al.
2017), direct measurement of potential simultaneously in a
large collection of cells has been achieved.
Potential-sensitive ﬂuorophores are mainly of two categories: (i) slow (response time in seconds) probes which are
associated with large change in ﬂuorescence intensity and
(ii) fast (response time in micro- to millisecond) probes
which show small-amplitude signal change. Both the types
of potential-sensitive ﬂuorophores have their speciﬁc applications in cell biology (Ebner and Chen 1995).
Of the several mechanisms proposed for the action of
potential-sensitive probes, the following mechanisms are
very popular: (i) ‘On–Off’ mechanism, wherein the ﬂuorophore partitions between the aqueous and membrane
phases and the partition coefﬁcient is potential dependent.
Electrical potential dependence of partition coefﬁcient could
be due to electrical charge on the ﬂuorophore. The severalfold difference in the ﬂuorescence quantum yield of the
ﬂuorophore in the aqueous and membrane phases results in
large change in ﬂuorescence intensity with change in
membrane potential. Relatively slower response of signal is
due to the time taken for the re-establishment of the partition
coefﬁcient (slow binding and unbinding to membrane)
associated with a change in membrane potential; (ii) Potential-dependent change in equilibrium among membranebound forms: The ﬂuorophore could exist in different
membrane-bound populations, which vary in their orientation and/or location within the membrane. Membrane
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potential dependence of the position of the equilibrium
among these populations and variation of the ﬂuorescence
quantum yield of these populations would result in potentialdependent ﬂuorescence intensity. Since the shift in equilibrium position is fast (ls – ms), these probes are labelled as
‘fast’ probes. However, since the difference in the quantum
yields of these membrane-bound populations is relatively
small, these probes are associated with smaller change in
signal. Due to their fast response, they have found applications in real-time monitoring of membrane potential in cells
and tissues. (iii) Potential-induced uptake of the ﬂuorophore:
In this mechanism, the membrane-permeant ﬂuorophore
with a permanent charge is distributed across the membrane
(in the two aqueous compartments) in a Nernstian fashion. If
the sign of the electrical potential in the inner (and smaller)
aqueous compartment is opposite to that of the ﬂuorophore,
the ﬂuorophore is accumulated in the inner aqueous compartment, leading to concentration quenching of ﬂuorescence. This mechanism also would give a large change in
signal, but the response time is slow (seconds) due to slow
rate of accumulation of the ﬂuorophore and (iv) Charge-shift
electrochromic mechanism: The absorption spectrum of the
dye molecule gets perturbed by membrane potential. This is
the result of redistribution of electron density caused by the
membrane potential. Since this charge redistribution does
not involve any nuclear movement, the response of such
probes is ultra-fast (* 10-13 s).
Resolution of the mechanism of action by steady-state
ﬂuorescence is severely compromised by the overlap of
emission spectra of various populations involved. Time-resolved ﬂuorescence enables resolution of various populations of the ﬂuorophore and the change in the population is
caused by membrane potential. This led to the identiﬁcation
of the mechanism of action (Das et al. 1991).
The positively charged potential-sensitive dye DiOC2(5)
showed three lifetimes of 0.63 ns, 0.133 ns and 1.77 ns in the
presence of the membrane vesicle (Das et al. 1991). The
population with a lifetime of 0.63 ns corresponds to the free
aqueous form and the two other lifetimes represent two
membrane-bound populations. Generation of negative inside
membrane potential in these vesicles caused the population
corresponding to 0.63 ns to go down at the cost of increased
population of both the membrane-bound components. Reversal of the polarity of potential caused a reversal of this
effect. Thus, we get the picture that membrane potential
alters the partition coefﬁcient of the probe between aqueous
and membrane phases and thus identifying the mechanism as
‘On–Off’ type.
The negatively charged dye Oxonol (V) also showed three
lifetimes of 0.05 ns, 0.3 ns and 0.69 ns in the presence of
membranes (Das et al. 1991). As before, the ﬁrst lifetime
corresponds to free aqueous population and the other two
correspond to membrane-bound populations. Imposition of
membrane potential in this case caused a dramatically

different result. There was an insigniﬁcant effect on the
relative populations of aqueous and membrane-bound forms
unlike the observation with the previous probe. Furthermore,
the relative population between the two membrane-bound
forms showed consistent variation caused by the potential.
Also, change in polarity of potential resulted in reversal of
change in population between the two membrane-bound
forms. This clearly identiﬁed the mechanism as type (ii)
mentioned earlier, namely. potential-dependent change in
equilibrium among membrane-bound forms.

4.2 Cases where a large number of species are
encountered
Here, again, a few examples from our work are described.
4.2.1 Conformational heterogeneity in protein structures: As mentioned earlier, conformational heterogeneity
is an inherent property of biopolymers (Bryngelson et al.
1995). Unlike the previous examples, the number of species is very large as its origin lies in the continuously
varying structural parameters of such polymers. Conformational heterogeneity of protein structural forms in their
native (N), unfolded (U), partially structured and aggregated forms (A) was estimated in a quantitative manner by
the MEM-lifetime distribution constructed from time-resolved intensity decay curves. Single tryptophan (W53)
mutant form of the protein barstar (Swaminathan et al.
1996) is an ideal example to demonstrate the varying level
of structural heterogeneity. Figure 1 shows the MEMderived lifetime distributions of single trp barstar in N, U
and aggregated molten globular form (A).
Narrower distribution of lifetime of the single trp (W53)
in the N state (ﬁgure 1a) when compared to either U (ﬁgure 1c) or A form (ﬁgure 1b) clearly demonstrates increased
level of structural heterogeneity of U and A forms when
compared to the N state. Limitation of these data is the
absence of structural/dynamic parameter(s), which has
caused the difference in the width of lifetime distribution. As
mentioned earlier, this is because of the presence of several
possible non-radiative pathways, and each pathway is controlled by a speciﬁc structural/dynamic parameter. Quantiﬁcation of variation in width of lifetime distribution in
terms of structural parameters could be extracted when the
lifetime is predominantly controlled by a major non-radiative pathway such as FRET, as shown in the following
example. Here, the single trp (W53) acts as the ﬂuorescence
donor and trinitrobenzoate (TNB) attached to cys82 as the
acceptor. In this case, lifetime distribution (ﬁgure 2) is a
reﬂection of the intramolecular (W53 – C82) distance distribution, which could be obtained by the application of
Forster equation. Apart from the increased width of the U
form (either 8M urea or 6M GdnHCl) when compared to that
of the N state, the bimodal broad distributions seen at the
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Figure 1. Fluorescence lifetime distributions obtained using
MEM for the single trp (W53) mutant of barstar at pH 7 (N-state,
A), pH 3, (A-form, B) and pH 7 with 6 M Guanidine Hydrochloride
(U-state, C). Reproduced with permission from Swaminathan et al.
(1996).

middle of the unfolding transition provides us
information on the mechanism of unfolding (Lakshmikanth
et al. 2001).
4.2.2 Evolution of conformational heterogeneity during
protein folding: Understanding the evolution of conformational heterogeneity during the transition between folded and unfolded protein is useful in revealing the
mechanism of protein folding and unfolding (Lakshmikanth et al. 2001; Jha et al. 2009a, b; Bhatia et al.
2018). This transition could be monitored either as an
equilibrium titration (Lakshmikanth et al. 2001; Bhatia
et al. 2018) or during the kinetic process of folding or
unfolding (Lyubovitsky et al. 2002; Jha et al. 2009a, b).
The latter is technically more demanding as these processes are much faster (\1 s). Equilibrium titration of
transition between folded and unfolded forms of the protein single chain monellin (ﬁgure 3) was recently carried
out (Bhatia et al. 2018).
FRET between trp (donor) and TNB (acceptor) was
monitored by time-resolved ﬂuorescence of single trp located at several locations and TNB covalently attached to a
cysteine residue introduced at speciﬁc locations (Bhatia et al.
2018). Thus, population distribution corresponding to
speciﬁc and local structural motifs and their evolution during
N$U structural transition induced by the denaturant
guanidine hydrochloride (GdnHCl) was monitored. The
nature of structural evolution of segments, such as the alpha
helix, beta sheet and end to end, was revealed from

Figure 2. Fluorescence lifetime distributions of the single trp
(W53) barstar with TNB attached to cys-82. Fluorescence lifetime
of W53 is predominantly controlled by FRET to C82TNB. (A) 0 M
Urea; (B), 3.7 M Urea; (C), 8.0 M Urea; (D), 0 M GdnHCl; (E), 2.2
M GdnHCl and (F), 6 M GdnHCl. The dotted lines indicate the
positions of the peaks of the distributions of lifetimes for the N state
and U form. Figure reproduced with permission from Lakshmikanth et al. (2001).

denaturant titration of ﬂuorescence intensity decay kinetics/
MEM-lifetime distribution (ﬁgure 4; Bhatia et al. 2018).
Detailed analysis (Bhatia et al. 2018) of such data has
revealed that in some local segments of the protein structure,
denaturant-induced unfolding proceeds initially by gradual
expansion of the native (N) state, then by a ﬁrst-order twostate transition from the N-state ensemble to the U-state
ensemble, followed ﬁnally by the expansion of the U state.
The sole alpha helix appears, however, to unfold completely
through a gradual and continuous transition from the N to U
states. Finally, it is shown that equilibrium unfolding of
monellin is not only heterogeneous, but also that the degree
of non-cooperativity (deviation from the ﬁrst-order two-state
process) differs between the sole a-helix and different parts
of the b-sheet. This reveals the power of resolving the
multitude of protein conformations by time-resolved
ﬂuorescence.
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intensity (equations 2–4), steady-state and time-resolved
anisotropy parameters are related to each other by (Perrin’s
relationship in this case)
rss ¼ r0 =f1 þ sF =sR g

ð5Þ

where r0 is the value of rss in the absence of any rotational
motion. It is also called as initial or limiting anisotropy. sR is
a purely dynamic parameter and is given by Stokes–Einstein
hydrodynamic relationship:
sR ¼ gV=kT ¼ 1=8PDR

Figure 3. Structure of single-chain monellin (MNEI) showing the
different residues used for monitoring FRET. Wild-type MNEI has
one tryptophan residue (W4) and one cysteine residue (C42). Ca
atoms of tryptophan residues (used as the ﬂuorescence donor) are
shown as blue spheres, and the Ca atoms of cysteine residues (to
which the ﬂuorescence acceptor TNB was attached) are shown as
red spheres. FRET was measured in single tryptophan-containing,
single cysteine-containing variants. FRET changes monitored
changes in the b-sheet (W4C42), at the helix-b-sheet interface
(W19C42), in the end-to-end distance (W4C97), across the helix
(W4C29), or across half the helix (W19C29). The distances
between the centre of the donor ring and Cb atoms of the cysteine
(attached to acceptor) in the N state, for the different FRET pairs
monitored, are 13.0 Å (W4C42), 19.6 Å (W4C97), 16.1 A
(W19C42), 27.7 Å (W4C29) and 18.2 Å (W19C29). The structure
has been drawn using PyMol (PDB ID: 1IV7). Reproduced with
permission from Bhatia et al. (2018).

5. Motional dynamics from ﬂuorescence anisotropy
Of the three main observable parameters in ﬂuorescence
spectroscopy, namely, intensity, spectra and polarization,
polarization or anisotropy of ﬂuorescence emission gives a
direct read-out of molecular ﬂexibility and motion. Unlike
the ﬁrst two observables, which are based on photophysics
and sometimes on photochemistry, ﬂuorescence anisotropy
is mostly based on molecular rotational mobility. Note that
ﬂuorescence anisotropy measures the rate of molecular
rotation in the excited state. The assumption that the rotational mobility of the ground state is identical to that in the
excited state has been validated in a number of systems
(Hoong-Sun and Bernstein 1988).
Similar to the studies using ﬂuorescence intensity, ﬂuorescence anisotropy also could be monitored either by steadstate spectroscopy or by time-resolved measurements
(Valeur 2002; Lakowicz 2006). Steady-state measurements
provide steady-state anisotropy, rss, whose measurement is
easy and robust. In contrast, estimation of rotational correlation time, sR, from time-resolved measurements requires
expensive instrumentation apart from involved measurements and analysis. As seen in the case of ﬂuorescence

ð6Þ

where g is the viscosity felt by the rotating molecule of
volume V at temperature T. k is Boltzmann constant and DR
the rotational diffusion coefﬁcient.
These two simple relationships reveal the following:
(i) information on the molecular rotation can be obtained
either by steady-state or by time-resolved measurements; (ii)
extracting sR from steady-state measurement of rss (equation 5) requires information on r0 and ﬂuorescence lifetime
sF. In other words, interpretation of rss to get information on
molecular rotation/dynamics without measurement of sF
could lead to erroneous conclusions (see later); (iii) value of
sR and hence rss depend upon V; it is useful in estimating
molecular interactions and oligomerization and aggregation
status of molecules and (iv) similarly, measurement of either
rss or sR reveals information on environment through g
(equation 6). This could be the microviscosity in the case of
a ﬂuorophore in a solvent or could be related dynamic
properties of the biopolymer to which the ﬂuorophore is
tethered.
While the ﬁrst observation is valid for simple systems
such as an isolated ﬂuorophore (through equation 5) in
solution, it fails in complex systems such as proteins, nucleic
acids and membranes. Fluorophores in complex systems
often are associated with several lifetimes and several
dynamic modes such as local motion (the ﬂuorophore
undergoing restricted rotational motion with respect to the
biopolymer), segmental motion (local dynamics of the
polymer driving the motion of the ﬂuorophore) and global
Brownian tumbling dynamics of the ﬂuorophore–polymer
system (Saxena et al. 2005; Krishnamoorthy 2012). Steadystate anisotropy rss gives a weighted sum of all the dynamic
modes from which individual contributions cannot be
extracted. In contrast, time-resolved measurements has the
capability of resolving the various dynamic modes in their
timescale. For example, when only the local motion of the
ﬂuorophore and the global tumbling dynamics are the two
main modes, time-resolved anisotropy is given by (Lakowicz 2006)
rðtÞ ¼ r0 fbL exp ð t=sRL Þ þ bG exp ð t=sRG Þg

ð7Þ

where r(t) is the ﬂuorescence anisotropy at time t, sRL and
sRG are the rotational correlation times corresponding to
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local and global tumbling dynamics, respectively, and bL
and bG are their corresponding amplitudes. It should be
noted that bL ? bG = 1.

5.1 Application of time-resolved ﬂuorescence
anisotropy
All the four parameters (two correlation times and two
amplitudes) in Eq. 7 have speciﬁc applications in
biomolecular systems (Krishnamoorthy 2012; Mondal et al.
2016; Swaminathan et al. 1996; Saxena et al. 2005; Ramreddy et al. 2003; Nag et al. 2007; Srivastava and Krishnamoorthy 1997a, b; Swaminathan et al. 1994a, b;
Lakshmikanth and Krishnamoorthy 1999; Sridevi et al.
2000; Rami et al. 2003; Krishnamoorthy 2003; Nag et al.
2005; Nag et al. 2006; Mukhopadhyay et al. 2006; Ramreddy et al. 2009; Jha et al. 2009a, b; Sarkar et al. 2009; Jha
et al. 2011; Jha et al 2012; Sahay et al. 2014; Sahay et al.
2015; Narayan et al. 2015). In some favourable circumstances, another correlation time, which is associated with
segmental dynamics of the polymer, could also be recovered.
Extraction of either more than three correlation times or a
distribution of correlation times (similar to lifetime distribution discussed earlier) is impractical due to limited signalto-noise (S/N) ratio of anisotropy decay curves when compared to that of intensity decay curves. Earlier reviews
summarize some of these applications (Krishnamoorthy
2012; Saxena et al. 2005; Krishnamoorthy 2003; Sarkar
et al. 2009).
Local dynamics: First, the value of sRL provides information on the local motional dynamics of the ﬂuorophore.
Interaction of the ﬂuorophore with the nearby molecular
components often results in increase in the value of sRL. This
parameter was instrumental in revealing the mechanism by
which mismatches in DNA is recognized by the protein
MutS (Nag et al. 2007). Mismatches in base pairing led to
increased rate of local motion of 2-aminopurine, a ﬂuorescent analog of adenine (Nag et al. 2007). This increased rate
of base dynamics was hypothesized as a signal for the
presence of mismatch. DNA-scanning protein MutS could
recognize this signal and bind speciﬁcally to this site with
stronger afﬁnity. Recognition of mismatched sites by MutS
is the ﬁrst step in correction of mismatches by other proteins
during DNA replication (Modrich and Lahue 1996).
Segmental dynamics: The physiological role of segmental
dynamics of DNA was revealed in RecA protein-mediated
strand exchange during homologous recombination (Ramreddy et al. 2003). DNA coated with RecA protein showed
the presence of segmental dynamics in the time range of
7–10 ns in presence of ATP hydrolysis by DNA-bound
RecA (Ramreddy et al. 2003). Here again, 2-aminopurine
was used as the ﬂuorophore. This segmental dynamics was
absent when ATP was replaced by the non-hydrolysable
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analog, ATP!S (Ramreddy et al. 2003). It was hypothesized
that ATP hydrolysis-induced segmental dynamics in DNA–
RecA ﬁlaments is instrumental in strand-exchange
processes.
Global dynamics: Correlation time associated with global
tumbling dynamics is very useful in protein aggregation
studies (Saxena et al. 2005). This correlation timescales with
molecular volume (* r3, where r is the molecular radius,
Eq. 6) and hence is much more sensitive to increase in size
of the molecule when compared to translational diffusionbased techniques such as ﬂuorescence correlation spectroscopy or dynamic light scattering, where the observable
scales with the radius r of the molecule (translational diffusion coefﬁcient, Dtr = k T / 6 P g r). The molten globular
form of the protein barstar is known to form aggregates. This
process can be induced by taking the protein to pH 2–3. The
rate of aggregation and quantitation of size of aggregate was
monitored from the global tumbling correlation time monitored by using the ﬂuorophore IAEDANS (Saxena et al.
2005). It was found that the saturating size of the aggregate
had 17 monomers. Several such examples could be found in
many systems, including DNA–protein complexes (Nag
et al. 2005). Heterogeneity of global tumbling dynamics was
used in revealing the structure (parallel or antiparallel nature)
of ordered aggregates (amyloid type) of the protein barstar
(Jha et al. 2009a, b).
Order parameter: Site-speciﬁc dynamics/ﬂexibility in
biomolecular systems is often derived from the application
of equation 7, which corresponds to a situation when the
ﬂuorophore experiences both the local dynamics with
respect to the macromolecule and global tumbling dynamics
of the entire macromolecule. The relative contribution of
these two dynamical modes could be represented by the
order parameter, S2
S2 ¼ bG =ðbL þ bG Þ

ð8Þ

when the sum (bL ? bG) is normalized to unity. Complete
lack of local dynamics corresponds to S2 = 1 (highly
ordered) and unhindered local dynamics corresponds to S2 =
0 (totally disordered). Thus, the value of S2 becomes a
quantitative measure of local dynamics/ﬂexibility at a particular site where the ﬂuorophore is covalently attached. This
approach was applied in our recent work, which revealed the
mechanism by which the protein Fob1 arrests the progression of replication forks in a replicating DNA (ﬁgure 5) in a
unidirectional manner (Biswas et al. 2017). Such a selective
arrest of progression of replication fork is required to avoid
clash between replication and transcription machinery in
cells (Tsang and Carr 2008). The mechanism of unidirectional arrest was investigated by creating multiple prosthetic
forks within a replication fork barrier (RFB) site in a synthetic piece of DNA, with ﬂuorescent adenine analogue
2-aminopurine (2-AP) incorporated site speciﬁcally in both
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the ‘permissible’ and ‘non-permissible’ directions of the
replication fork (Biswas et al. 2017).
The motional dynamics of the RFB-Fob1 complexes was
analysed by ﬂuorescence anisotropy decay kinetics
(ﬁgure 6).
These data were interpreted in the following way: Fob1
binding to non-permissible fork resulted in larger extent of
perturbation to base stacking as well as reduction in the
space available for local motion of the base when compared
to binding to permissible fork. The enhanced changes for the
non-permissible directed forks indicate a stronger interaction
of the DNA–protein complex for these constructs, thereby
resulting in slower dissociation of the complex. Thus, we
infer that Fob1 likely adopts a clamp–lock model of arrest
and causes stronger perturbation with the bases in the double-stranded region of the non-permissible-directed forks
over those of the permissible directed ones, thereby creating
a polar barrier (Biswas et al. 2017).
Homo-FRET seen from ﬂuorescence anisotropy: Although
ﬂuorescence anisotropy is governed by molecular rotational
dynamics in most of the situations, in some cases it is also
controlled by energy migration from one excited molecule to
another identical molecule by Forster-type dipole–dipole
interaction (Weber 1954). The main requirement for this to
occur is small Stoke’s shift such that the absorption and
emission bands of the molecule has considerable overlap
with each other apart from the requirement that the two
molecules are in the range of R0, the Forster distance for
energy transfer. This process called homo-transfer (as differentiated from the standard FRET, hetero-transfer, from a
molecule of one type to another molecule of a different type)
results in a time-dependent decrease in anisotropy with no
change in ﬂuorescence lifetime (Weber 1954; Tanaka and
Mataga 1979). This decrease in anisotropy is due to different
orientations of the transition dipole of the two molecules
involved in the homo-transfer. Thus, migration of excitation
energy from one molecule to another molecule ‘mimics’
rotation of the same molecule. The rate of decrease of anisotropy is a function of the distance between the two
molecules (Tanaka and Mataga 1979). Thus, the anisotropy
decay kinetics becomes a tool in evaluating the presence of
aggregates of molecules in cells.
One of the early uses of the approach mentioned earlier is
the work wherein the presence of transient nanodomains
called membrane ‘rafts’ into which GPI-anchored proteins
are sequestered (Sharma et al 2004). ‘Aggregation’ of GPIanchored protein was revealed by ﬂuorescence anisotropy
decay kinetics (induced by homo-FRET) of either ﬂuorescein or GFP linked to GPI-anchored protein on the surface
single live cells. This was probably the ﬁrst direct demonstration of the presence of ‘rafts’ in cell surface. It was also
shown that cholesterol is required for the formation of rafts
(Sharma et al. 2004). Later, constitutive oligomerization of
serotonin-1A receptor (a G-protein-coupled receptor, GPCR)

on live cell membranes was shown by the homo-FRET
signal arising from enhanced yellow ﬂuorescent protein
(EYFP) linked to serotonin receptor (Paila et al. 2011).
Recently, amyloid-type aggregate formation of the protein
p53 in human and animal tissues was shown by the homoFRET signal arising from GFP linked to p53 (Ghosh et al.
2017). These examples amply demonstrate the power of
homo-FRET-driven ﬂuorescence anisotropy decay in
revealing molecular aggregation in live single cells.

6. Common misinterpretations and pitfalls
Despite the power of ﬂuorescence spectroscopy in revealing
structure, dynamics and interactions in biomolecular systems, the technique is prone to several misinterpretations.
Some of the common misuses are mentioned further.
Linear dependence of steady-state ﬂuorescence intensity
on the concentration of the ﬂuorophore (equation 1) is the
most basic of all the applications of ﬂuorescence spectroscopy as an analytical technique. However, the expected
linearity may not be observed when the concentration of the
ﬂuorophore is very high. The non-linearity (sub-linear) has
at least one of the following reasons: (i) possibility of formation of dimer/oligomer at high concentrations and the
dimer/oligomer having reduced quantum yield when compared to monomers and (ii) inner-ﬁlter effect caused by
absorption of excitation light by high concentration of the
ﬂuorophore, resulting in reduction of the intensity of excitation light reaching the sample at the centre of the cuvette
from where the ﬂuorescence intensity is monitored. While
there have been attempts to correct for the inner-ﬁlter effect,
it is better to avoid such correction procedures due to their
invalidity in several experimental conﬁgurations. Hence, it is
advisable to avoid the use of high concentrations which
might lead to sub-linear standard curves for analytical purposes, irrespective of the source of non-linearity. However,
in situations where high concentrations are unavoidable, the
use of ‘front-face’ detection conﬁguration (instead of the
standard ‘right-angle’ conﬁguration) is recommended to
avoid the inner-ﬁlter effect.
Interpretation of quenching of ﬂuorescence is often
fraught with inappropriate models. As mentioned earlier,
ﬂuorescence is a very sensitive technique, and very often
ﬂuorescence intensity would show a decrease (quenching)
when the environment around the ﬂuorophore changes. The
most commonly encountered change in environment is the
presence of another molecule with which the ﬂuorophore
may bind. In some cases, one could observe a decrease in
ﬂuorescence intensity in the presence of another (non-ﬂuorescent) molecule even when in the absence of binding. This
situation arises when the added molecule absorbs in the
same wavelength region as that of the ﬂuorophore. This will
cause a decrease in excitation light reaching the ﬂuorophore
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Figure 4. MEM-derived ﬂuorescence lifetime distributions of the TNB-labelled mutant variants of MNEI at different GdnHCl
concentrations. Different colours correspond to various concentrations of GdnHCl, as described separately in each panel. The x-axis has
been plotted on a log scale. The amplitude has been normalized to the sum of amplitudes for each distribution. Reproduced with permission
from Bhatia et al. (2018).

Figure 5. Schematic representation of Fob1 binding preferentially to non-permissive fork site. Natively occurring adenine in several sites
was replaced by 2-aminopurine (2-AP) one at a time (Biswas et al. 2017).

and hence a reduction in ﬂuorescence intensity. This can be
veriﬁed by the measurement of absorbance (and hence the
percentage of light absorbed) of the added molecule at the
concentration used and at the wavelength of excitation of the
ﬂuorophore. Alternatively, measurement of ﬂuorescence
lifetime is recommended in such cases since ﬂuorescence
lifetime is independent of intensity of excitation light, as
mentioned earlier. When the ﬂuorophore does bind to the
added molecule, the observed decrease (or increase in some
cases) is the result of change in ﬂuorescence intensity is
caused by a change in quantum yield, which is controlled by

one or more of the several non-radiative processes as mentioned in section 2. (In some cases, binding may not cause
any measurable change in intensity). Several workers
wrongly use the Stern–Volmer model of dynamic ﬂuorescence quenching according to the equation I0/I = 1 ? kQ s0
[Q], where I0 and I are the intensities in the absence and in
the presence of the added molecule Q at concentration [Q],
kQ is the bimolecular quenching constant and s0 is the ﬂuorescence lifetime in the absence of Q. This model is valid
only when the excited state of the ﬂuorophore is met by Q in
a bimolecular reaction and quenches its ﬂuorescence totally
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Figure 6. Fob1 perceives the directionality of replication forks. (A, B) Cartoon representation of forks, demonstrating the positions of 2AP in orange. (C, D) Fractional increase in the mean lifetime and the order parameter S2, respectively, in the presence of Fob1. The bar
graphs in blue and green represent 2-AP in base-paired regions of non-permissible and permissible forks, respectively. Ds/s = (sm,complex sm, free)/ sm, free and DS2 = S2complex  S2free . sm,complex and sm,free refer to mean ﬂuorescence lifetime of 2-AP in DNA-Fob1 complex and in
free DNA respectively. S2complex and S2free refer to the S2 values of DNA–Fob1 complex and free DNA respectively. Reproduced with
permission from Biswas et al. (2017).

without forming a stable complex with Q. The minimum
requirements for this model to be valid are the following:
(i) the ﬂuorescence intensity should tend towards zero with
increasing concentrations of Q and (ii) the value of kQ
estimated by assuming this model should not exceed the
diffusion-controlled bimolecular rate constant under the
solvent condition used (* 1010 M-1 s-1 in water at 25°C).
This is one of the most commonly observed misinterpretations in published literature. Instead of assuming the
dynamic quenching model, some workers use the static
quenching model, which is governed by the equation I0/I = 1
? K [Q], and the estimate is the association constant (K) for
the binding of the ﬂuorophore (in the ground state) with Q.
The general aim of this approach may sound valid since the
estimation of binding constant is an important application of
ﬂuorescence. However, it should be noted that the validity of
this model requires that the ﬂuorescence quantum yield of
the complex should be zero. If the complex has a small but
non-zero value of quantum yield, then the value of K

estimated by this model will be erroneous. In such cases, one
should use an appropriate equation (which is slightly more
complex when compared to the static quenching equation) to
estimate K from the titration of the ﬂuorophore with Q.
Another commonly encountered misinterpretation deals
with the observed reduction of steady-state ﬂuorescence
intensity of a ﬂuorophore in the presence of another molecule. This situation is encountered is several situations such
as (i) looking for FRET from the ﬂuorophore to the added
molecule; (ii) possible quenching (dynamic or static) of
ﬂuorescence by the added molecule and (iii) likelihood
formation of complex with the added molecule and the
quantum efﬁciency of the complex being less compared to
that of free ﬂuorophore. Quantitative analysis of the
observed decrease in ﬂuorescence intensity by appropriate
models would give one of the following, respectively: Distance between the ﬂuorophore (Donor) and the added
molecule (Acceptor) from the FRET model, bimolecular
quenching constant (kQ) from the dynamic quenching
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model, binding (or dissociation) constant from static
quenching model or a model which takes care of decreased
quantum yield of the complex when compared to that of the
ﬂuorophore. A trivial error in the use of these models could
arise if the observed extent of decrease in ﬂuorescence
intensity in presence of the added second molecule could
have substantial contribution from the absorbance of the
added molecule at the wavelength of excitation of the ﬂuorophore. If this absorbance is signiﬁcant ([ *0.05), the
intensity of excitation light is reduced, resulting in decrease
in ﬂuorescence intensity.
Misinterpretations are also encountered in steady-state
ﬂuorescence anisotropy (rss) measurements. As mentioned in
section 5, measurement of rss is fairly simple and robust.
However, its correct interpretation requires caution. In general, rss is measured with an aim of getting information on
the molecular motion represented by sR (Eqs. 5 and 6).
Since rss depends on both sR and the ﬂuorescence lifetime sF,
interpretation of molecular motion/dynamics (sR) from a
measurement of rss requires information on sF and its
changes when the environment around the ﬂuorophore
changes. This is often ignored, leading to misinterpretation
of molecular motion and dynamics.
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