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Studying ProteinMisfolding and Aggregation
by Fluorescence Spectroscopy

Mily Bhattacharya and Samrat Mukhopadhyay

Abstract Protein misfolding leading to aggregation and amyloid fibril formation

has been implicated in a variety of neurodegenerative disorders. Under suitably

designed in vitro conditions, intermolecular contacts between polypeptide chains

mediated by various non-covalent interactions result in the formation of oligomeric

species that are eventually sequestered into β-sheet-rich amyloid fibrils. Owing to

the inherent heterogeneity and complexity of protein aggregation processes, detec-

tion and structural characterization of the early, transiently-populated cytotoxic

oligomeric intermediates during the amyloid fibrillation cascade still poses a

formidable challenge. Fluorescence spectroscopy is an extremely sensitive

multiparametric technique that provides simultaneous information about the con-

formational- and size changes for both early oligomeric species as well as for the

large-sized aggregates. In this review, we emphasize recent and selected examples

on the application of various fluorescence spectroscopic techniques in the study of

protein aggregation. Additionally, we also summarize the recent results on protein

aggregation studies using fluorescence spectroscopy from our laboratory.

Keywords Fluorescence spectroscopy • Protein misfolding • Protein aggregation •

Amyloid fibrils • Oligomers • Single-molecule fluorescence

1.1 A Brief Introduction to Protein Misfolding
and Aggregation

According to the energy landscape theory, an unfolded polypeptide chain folds into

its native state by sampling through an ensemble of conformations as described by

the protein folding funnel [1]. During the folding process, interplay of a variety of

non-covalent interactions such as hydrogen bonding, hydrophobic interactions,
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electrostatic interactions play key roles in the formation of a correctly folded native

structure. However, it has been conjectured that the protein energy landscape is

significantly complex accompanied by a “dramatic increase” in its ruggedness due

to the localization of the protein in a crowded cellular milieu [2]. Consequently, at

higher protein concentrations in the cells, this confinement results in frequent

collisions between the polypeptide chains initiating both intra- and intermolecular

contacts. Under suitable conditions, when intermolecular interactions predominate

over the intramolecular interactions responsible for correct folding, aberrant protein

folding occurs that lead to the misfolding and aggregation. Protein aggregation that

results in the formation of amyloid fibrils has been implicated in a variety of

neurodegenerative disorders (Alzheimer’s, Parkinson’s, Huntington’s and prion

diseases), localized and systemic amyloidoses (type II diabetes and dialysis-related,

respectively) [3]. The primary agent in protein aggregation and amyloid assembly is

identified to be a partially destabilized conformer of a natively folded or a partially

stabilized conformer of a natively unfolded protein that accumulates, undergoes

conformational changes and ultimately results in the formation of ordered (amy-

loid) aggregates or self-associate non-specifically to form disordered (amorphous)

aggregates depending on the solution conditions namely, pH, ionic strength, tem-

perature etc. [4–6]. The fact that every protein can form aggregates without having

a predisposition towards amyloid assembly indicates that the protein aggregation is

a generic phenomenon and is likely to be independent of the native structure

[7, 8]. However, it has been documented that the amino acid sequence and envi-

ronmental conditions have a significant impact on the fibrillation kinetics, fibril

morphology and architecture along with the fibril stability [9].

It is now recognized that tailoring the solution conditions conducive to protein

aggregation in vitro results in the accumulation of a multitude of non-native

conformers that serve as precursors to amorphous aggregates and amyloid fibrils.

Detection and structural characterization of these non-native oligomeric species in

a heterogeneous and complex mixture along with the elucidation of a molecular

mechanism, especially during the early stages of protein aggregation still proves to

be a formidable task. A number of experimental approaches have been used to

detect and characterize the early intermediates since the oligomers have been

suggested to be more cytotoxic than the fibrils [10, 11] but an in-depth comprehen-

sion of the initial structural details and protein aggregation mechanisms at the

molecular level still remain elusive. In this review, we discuss various fluorescence

spectroscopic techniques that are utilized to study protein aggregation. Addition-

ally, our efforts directed towards investigation and elucidation of aggregation

mechanisms in a few model proteins such as, lysozyme, serum albumins and casein

using fluorescence spectroscopy will also be described.
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1.2 Experimental Techniques to Study Protein
Aggregation

Various biophysical techniques that are used to investigate protein aggregation

have indicated that the fibril formation is a stochastic process preceded by the

generation of transient species possessing heterogeneous conformations. These

transient species, that are eventually sequestered into β-sheet-rich amyloids, have

been characterized as oligomeric intermediates that share structural similarities

with the amyloid fibrils but are shown to possess higher cytotoxicity than the fibril

themselves [10, 11]. Therefore, there is a pressing need to detect and characterize

these oligomers that undergo conformational changes and size growth enroute to

amyloid fibrillation (Fig. 1.1). Here, we describe several in vitro spectroscopic

techniques very briefly that are either used in isolation or more routinely, in

combination with other techniques. Solid-state nuclear magnetic resonance

(NMR) [12, 13] and H/D-exchange NMR experiments [14] are extensively used

to investigate the structural details of the amyloid fibrils both at the residue-specific

as well as at the core levels. Dynamic light scattering (DLS) allows the estimation

of the size (hydrodynamic radius) of a protein (and/or protein complexes) [15]. Cir-

cular dichroism (CD) is another essential spectroscopic technique that is routinely

used to analyze the secondary structural elements in protein monomers and aggre-

gates. As amyloid fibrils are composed of a cross-β sheet-rich structure, CD is

commonly utilized to monitor the conformational change from any native confor-

mation (α, αþ β etc.) to a predominantly β-sheet amyloid at 215–218 nm. Recently,

an extension of CD namely, vibrational circular dichroism (VCD) has been shown

to be extremely sensitive towards the detection of amyloid fibrils whereby the

inherent chirality of the supramolecular amyloid fibrils is characterized

[16, 17]. Another prevalent technique in structural amyloid biology is the X-ray

diffraction method [18, 19] that reveals the cross-β structure of amyloids whereby

the β-sheets are oriented parallel to the fiber axis but the constituent β-strands are
oriented perpendicular to the axis. The X-ray diffraction pattern of amyloid fibrils

exhibit two distinct intense reflections, namely, 4.7–4.8 Å meridional and 10 Å
equatorial which denote the spacing between the adjacent β-strands and the “face-

to-face separation” between the β-sheets, respectively. The X-ray diffraction tech-

nique serves as a direct and definitive proof of amyloid fibrils. Additionally,

electrospray ionization mass spectrometry (ESI-MS) has been shown to success-

fully detect various stages of fibril formation whereby the temporarily-formed

oligomeric species can be directly observed [20, 21]. Transmission electron micros-

copy (TEM) and Atomic force microscopy (AFM) are imaging techniques that are

used to shed light into the morphologies of the protein aggregates and fibrils on the

nanometer length-scale [22, 23]. TEM gives information about the sample surface

in two-dimensions and involves staining of the sample to enhance the signal

whereas AFM does not require any extraneous markers and provides a three-

dimensional nanoscale morphology of aggregates and fibrils.
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1.3 Fluorescence Spectroscopy and Protein Aggregation

Fluorescence spectroscopy has proved to be a powerful methodology to extract

information about the structural and mechanistic characterization of protein aggre-

gates and amyloid fibrils. The uniqueness of fluorescence spectroscopy lies in the

fact that in addition to extreme sensitivity, the protein conformational changes

occurring concurrently with size changes can be observed which is very important

for monitoring the structural variations occurring during early misfolding and

assembly events as well as during the later stages of aggregation (Table 1.1 and

Fig. 1.2). Probing the conformational changes in the early oligomeric precursors is

particularly useful and important since the fluorescence lifetime of the probes is in

the nanosecond timescale which is much faster than the timescales of most confor-

mational changes and interconversions. Information gathered through these obser-

vations aid in gaining insights into the complex mechanistic pathway of amyloid

formation. Moreover, site-specific fluorophore labeling strategies allow one to

selectively label a protein of interest (at ε–amino group of lysine or thiol group of

cysteine; details are discussed later) covalently with a desired fluorescent probe to

perform the aggregation studies either in the wild-type protein or in its mutants. The

following sections describe the utilization of several oligomer- and amyloid-

sensitive fluorescent probes followed by various fluorescence spectroscopic tech-

niques that have exhibited their potential in the systematic investigation of protein

aggregation.

1.4 Fluorescence Techniques to Study Protein Oligomers
and Amyloids During Protein Aggregation

The advantage of fluorescence spectroscopy also lies in the fact that it is a

multiparametric technique. This means that alterations in various parameters

e.g. fluorescence intensity, fluorescence anisotropy, spectral shifts, lifetimes etc.

of fluorophore(s) can be successfully utilized as distinct structural determinants of

the monomeric, oligomeric and large-sized aggregated species of a protein under

investigation. These possibilities enable one to monitor a number of different

observables from the same reaction mixture populated by an ensemble of

Fig. 1.1 A schematic of protein aggregation process leading amyloid fibrils
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structurally diverse molecular species. Such multiparametric data collection offers

an unambiguous way to monitor the molecular events in protein aggregation that is

commonly endowed with high variability. It is important to mention here that the

measurements of fluorescence properties can be carried out either in the steady state

or in the time-resolved format. The fluorescence intensity, emission maxima,

spectral shifts and fluorescence anisotropy of intrinsic/extrinsic fluorophores can

be observed and analyzed conveniently using steady-state fluorescence spectros-

copy. In the time-resolved format, it is possible to monitor distributions and sub-

populations of molecular species that are on the pathway to amyloid. Additionally,

the time-resolved measurements are independent of concentrations of the

fluorophores. The time-resolved fluorescence spectroscopy measurements are par-

ticularly useful in anisotropy, fluorescence resonance energy transfer (FRET) and

quenching experiments. In the following paragraphs, we will discuss briefly about

the various fluorescence observables and the usefulness of such parameters in

extracting the molecular details during amyloid aggregation. As per the scope of

the review, we have restricted to recent results available in the literature with an

Table 1.1 Readouts of fluorescence measurements

Fluorescence readouts Observed phenomena

Fluorescence spectrum Conformational changes

Fluorescence intensity, lifetime and

quenching

Conformational changes

Fluorescence anisotropy Size change (also local flexibility and/or

microviscosity changes)

FRET Conformational changes and distributions

Fluorescence autocorrelation Size changes & distributions and conformational

dynamics

ANS fluorescence Hydrophobic pockets

Thioflavin-T fluorescence Amyloid formation

Pyrene vibronic band (I3/I1) Local dielectric constants at binding pockets

Pyrene excimer Conformational changes and association

Thioflavin-T fluorescence:
Amyloid indicator

Monomer: fast rotation
(low polarization)

Aggregates: slow rotation
(high polarization)

Fluorescence anisotropy: Size reporter

Steady-state fluorescence anisotropy:
rss = r� / (� + t / f)
r� : intrinsic anisotropy; t : fluorescence 
lifetime; f : rotational correlation time

Fluorescence intensity:
Conformational reporter

Fluorescence intensities
and spectra of intrinsic
tryptophan and extrinsic
fluorophores (non-
covalently bound or
covalently-attached) is
highly sensitive to protein
conformation.

Probes intercalated
in cross-b structure
of amyloid

Fig. 1.2 A schematic showing different fluorescence reporters that are relevant in protein

aggregation and amyloid fibril formation
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emphasis on detection of early oligomeric intermediates that are known to be more

cytotoxic than the matured fibrils.

1.4.1 Fluorescence Intensity, Spectrum and Lifetime

The fluorescence intensity and lifetime are related to the fluorescence quantum

yield and are sensitive to microenvironments [24]. This implies that any change in

the protein conformation that affects the surroundings of the intrinsic and/or

extrinsic fluorophores, that are sensitive to environmental changes, will be reflected

as a change in the fluorescence intensity. Moreover, a shift in the fluorophore

emission spectrum is observed depending on whether the fluorophore(s) are

exposed or buried due to the protein conformational changes.

1.4.1.1 Intrinsic Fluorophores

Changes in the steady state fluorescence intensity of intrinsic fluorophores such as

tryptophan and tyrosine have been commonly used as structural markers in the

protein aggregation studies to observe the conformational changes [25–31]. It has

been observed that usually, the tryptophan fluorescence intensity increases as the

aggregation proceeds forward with a concomitant blue-shift in the emission max-

imum. Such observations suggest that the average environment around the trypto-

phan residue(s) progressively becomes non-polar as a function of aggregation. In

few cases, a decrease in tryptophan fluorescence intensity has been reported during

aggregation suggesting quenching of tryptophan(s) by proximal histidines, phenyl-

alanines, disulfide bonds etc upon protein association [31]. Tyrosine is generally

used as an aggregation marker in those cases where the protein is devoid of any

tryptophan residue. Though the quantum yield of tyrosine is much lower than that

of tryptophan, the absence of tryptophan residues limits any possibility of energy

transfer from tyrosine to tryptophan and hence, the fluorescence emission of

tyrosine is not quenched. Like tryptophan, the fluorescence intensity of tyrosine is

dependent on the polarity of its surroundings but its emission maximum at ~305 nm

remains unchanged unless there is a change in pH. An increase in pH results in the

formation of tyrosinate ion and a red-shifted emission at ~340 nm. Quenching of the

tyrosine fluorescence intensity occurs upon exposure to solvent or due to the

presence of aspartic and/or glutamic acid carboxylate side chains in its vicinity

[28]. In addition to fluorescence emission from intrinsic tryptophan and tyrosine, an

intrinsic blue fluorescence emanating from protein aggregates and fibrils has been

observed [32, 33]. As protein aggregates and β-sheet-rich amyloid fibrils comprise

of extensive backbone hydrogen bonding networks (>C¼O---H-N), it has been

suggested that electron delocalization along the peptide backbone due to the

presence of these intra- and intermolecular hydrogen bonds give rise to such

fluorescence emission and the aromatic side chains do not play any role in the
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observed blue fluorescence. It was also shown that the fluorescence emission

depends largely on the “retention” of water molecules under ambient

conditions [33].

1.4.1.2 Extrinsic Fluorophores

A large number of extrinsic fluorophores (either non-covalently bound or cova-

lently attached to proteins) have been used to investigate protein aggregation and

amyloid formation (Figs. 1.2 and 1.3) [34]. Generally, thioflavin-T (ThT; amyloid-

specific dye) fluorescence assay is routinely used to determine the formation of

cross-β-rich amyloid fibrils whereby an increase in the fluorescence intensity of

ThT at ~480 nm is observed [35, 36]. It has been reported in a few studies that ThT

binding assay is unresponsive to prefibrillar species and the fluorescence enhance-

ment is solely due to the binding of ThT to mature fibrils [37]. Also, ThT binding

assay is carried out at neutral or slightly higher pH wherein a few protein amyloids

formed at low pH have been reported to dissociate thus, limiting the efficiency of

fibril detection [38]. Nile red has been reported as a better amyloid reporter

compared to ThT, especially, if the aggregation studies are carried out under acidic

conditions [39]. Unbound Nile red emission band exhibits a blue shift with a

concomitant increase in the fluorescence intensity upon binding to amyloid fibrils.

However, like ThT, Nile red is also more sensitive towards amyloid fibrils com-

pared to the oligomeric species. Therefore, attempts have been made to synthesize

new fluorophores to detect the oligomeric species formed at initial stages. DCVJ

(4-(dicyanovinyl)-julolidine) [37] and a pentameric oligothiophene derivative

(4´,3´´´-bis(carboxymethyl) [2,2´;5´,2´´;5´´,2´´´;5´´´,2´´´´] quinquethiophene-

5,5´´´´-dicarboxylic acid; p-FTAA) [40] have been shown to successfully detect

and bind efficiently to oligomeric, prefibrillar intermediates even under low pH

conditions (Fig. 1.3) [41]. DCVJ is a molecular rotor and an “intrinsically

quenched” fluorophore wherein the fluorescence from the julolidine group is

quenched by the freely rotating dicyano functionality in solution [37]. When it

binds to prefibrillar oligomeric species, the torsional flexibility of the dicyano

moiety is lost that results in an increase in DCVJ’s quantum yield. Consequently,

a blue-shift in the emission maximum (from ~510 to ~500 nm) of DCVJ is observed

with a substantial increase in the fluorescence intensity. The free oligothiophene

derivative, p-FTAA, forms π-stacked aggregates in solution which shows a blue-

shift of ~100 nm (from 630 to 530 nm) upon binding to prefibrillar species implying

a disruption of the p-FTAA π-aggregates [40]. Moreover, binding of p-FTAA to the

aggregates causes hindrance in the conformational flexibility of the oligothiophene

backbone, thus, affecting the fluorescence emission properties of the dye which can

serve as an indirect readout for conformational changes of protein aggregates.

Additionally, both the probes are found to be efficient for investigating aggregation

kinetics without influencing the rate of amyloid aggregation even at higher con-

centration of the dye.
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In addition to the conjugated fluorescent dyes discussed above, non-covalently

bound naphthalene-based dyes such as ANS (1,8-anilinonaphthalene-sulfonate) and

bis-ANS (Fig. 1.3) have been utilized in probing prefibrillar and fibrillar species

during protein aggregation [30, 31, 37, 42–44]. ANS is weakly fluorescent in

aqueous environment but fluoresces strongly (with a concurrent blue-shift in its

emission maximum from ~510 to ~475 nm) when located in a hydrophobic

environment [45]. Therefore, as expected, an increase in ANS fluorescence inten-

sity accompanied by a blue-shift in the emission is observed upon oligomerization

and fibril formation. ANS has also been found to be a good reporter of the

aggregation kinetics without perturbing the aggregation rate.

Another strategy of monitoring the emergence of oligomeric species and fibrils

during protein aggregation studies involves covalent modification of specific sites

of a protein (or its mutants) by a desired fluorophore. The site-specific fluorophore

labeling approach offers a major advantage of precisely determining different

segments or domains of the polypeptide chain that either participate in forming

the hydrophobic interior of aggregates at different stages of fibril formation or

remain isolated throughout the whole process. However, caution must be exercised

during the external fluorophore labeling procedure to ensure that the secondary

structure remains unaltered, especially in the mutant protein, as well as the attached

fluorophore should not affect the kinetics of overall aggregation process. The
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former can be easily checked by collecting CD spectra of both unmodified and

covalently-modified protein whereas the latter can be examined by observing any

change in fluorescence properties in a concentration-dependent manner by altering

the ratio of the fluorescently-labeled to the unlabeled protein. The labeling of

ε-amino (�NH2) side chain of lysine by the isothiocyanate (�N¼C¼S) and thiol

(�SH) group of cysteine by the maleimide or iodoacetamide derivatives of fluo-

rescein, rhodamine B, pyrene, acrylodan, Alexa-488, Cy3 etc. are quite common

practices. Pyrene is a rigid, polycyclic aromatic hydrocarbon fluorophore whose

fluorescence emission spectrum is dependent on the polarity of its micro-

environment [46]. In a non-polar medium, the fluorescence emission spectrum of

pyrene exhibits five vibronic bands, namely, I1, I2, I3, I4 and I5 at 373 nm, 378 nm,

384 nm, 389 nm and 394 nm, respectively which reduces to three bands in a polar

medium (I1, I3 and I5) [47]. A qualitative estimate of the polarity of the pyrene

microenvironment can be obtained from the ratio of the fluorescence intensities at I3
and I1. Higher I3/I1 ratio indicates that the environment surrounding the pyrene

molecules is more hydrophobic. Additionally, when two pyrene molecules come

closer within a distance of ~5 Å, they stack together and form excited state dimer or

excimer exhibiting an emission in the range of 450–480 nm. The fluorescence

properties of pyrene have been successfully used to detect the formation of oligo-

mers and aggregates whereby a high I3/I1 ratio of pyrene accompanied by a blue-

shift in the excimer emission and an enhancement in the excimer intensity are

observed [48–50]. Additionally, these covalently bound dyes have proven to be

effective in accurate determination of the specific roles of different protein domains

(either sequential or concurrent involvement) in the amyloid fibril assembly kinet-

ics [51–53]. Very recently, a new fluorescent probe called MFC, based on

2-(2-furyl)-3-hydroxychromone (maleimide derivative), has been reported to be

extremely sensitive towards the detection of oligomers during initial stages of

protein aggregation [54]. The probe works on the principles of ESIPT (excited-

state intramolecular proton transfer) whereby upon excitation, there is a rapid

proton transfer within the molecule (keto-enol tautomerization) at subnanoseconds

timescale generating a tautomer. Distinct dual emission profiles are observed from

both the “normal” (N*) and the tautomeric form (T*); the latter being red-shifted.

Since the probe is environmentally-sensitive, the ratio of emission intensities IT*/

IN* is a more convenient way to express the changes in polarity of the microenvi-

ronment. An increase in IT*/IN* ratio suggests a reduction in polarity and hydrogen

bonding capability of the environment. These properties of the probe have been

successfully utilized to monitor the formation of oligomers from α-synuclein
wherein a 15-fold rise in the T* emission was observed compared to a 2-fold rise

in the N* emission and these changes were detected prior to that observed by a rise

in ThT intensity [54]. Using these different fluorescent probes, it is now possible to

detect and distinguish between the prefibrillar oligomers and mature amyloid fibrils

unambiguously leading to a better understanding of the structural diversity of

different species involved in the sequence of events leading to amyloid formation.
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1.4.2 Fluorescence Polarization (Anisotropy)

The fluorescence anisotropy measurements offer information about the overall size

and the rigidity of the probe attached to biomolecules [24], a marker of the rate of

reorientation (tumbling) of the fluorophore(s) (Fig. 1.2). This implies that larger the

size, slower is the tumbling, and higher is the anisotropy. The steady-state fluores-

cence anisotropy is related to the overall size of the protein assuming that the

overall size changes are predominant compared to the changes in internal (local)

dynamics. The concentration dependence of fluorescence anisotropy indicates

oligomer formation prior to fibril formation (Fig. 1.4) [31]. In the fluorescence

anisotropy methodology, the fluorophore is excited by a vertically polarized light

from a continuous light source following which the emission is collected using

parallel and perpendicular geometry of the polarizers at a constant emission wave-

length either in L- or in T-format. The steady-state anisotropy is estimated by the

ratio of difference between vertically and horizontally polarized light to the total

light intensity using the following equation:

r ¼ Ik � GI⊥
� �

= Ik þ 2GI⊥
� � ð1:1Þ

where III and I⊥ are parallel and perpendicular fluorescence intensities, respectively

and the perpendicular components are corrected using corresponding G-factors. A

continuous rise in fluorescence anisotropy of intrinsic and/or extrinsic (covalent and

non-covalently bound) fluorophore(s) is expected as aggregation progresses

suggesting the formation and growth of oligomeric and large-sized aggregates

[25, 30, 31, 55]. As mentioned earlier, the steady-state anisotropy gives an average

description of the system whereas time-resolved anisotropy can be particularly

advantageous in differentiating between the local (residue-specific) and the global

dynamics of the fluorophores (Fig. 1.5) [51]. In this technique, the time-dependent

fluorescence anisotropy r(t) decay of the fluorescent species at a fixed emission

wavelength is monitored upon excitation by vertically polarized laser pulse

followed by fitting and analysis of the anisotropy decay in terms of the rotational

correlation time φ. Quantitative analysis results in the determination of the rate of

rotational motion of the fluorophore by using the following equation:

r tð Þ ¼ r0exp �t=φð Þ ð1:2Þ

where r0 is the intrinsic fluorescence anisotropy at time zero for a given fluorophore

(usually close to 0.4). Incidentally, both local (fast rotation) and global (slow

rotation) dynamics of a fluorophore attached to a protein molecule can contribute

to the decay of intrinsic fluorescence anisotropy r0 of the fluorophore which can be

characterized by the following equation (Fig. 1.5):

r tð Þ ¼ r0 βfastexp �t=φfastð Þ þ βslowexp �t=φslowð Þ½ � ð1:3Þ
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Fig. 1.4 The change in fluorescence anisotropy of (a) intrinsic tryptophans and (b) extrinsic Nile
red as a function of BSA concentration at pH 3 and 50 mM NaCl at room temperature. All the

observations suggest that BSA forms soluble oligomeric aggregates under our experimental

condition at which fibrillation experiments were carried out ([BSA]¼ 100 μM, pH¼ 3) (Adapted

from Ref. [31] with permission from the American Chemical Society)

Fig. 1.5 Time-resolved fluorescence anisotropy decay of IAEDANS-labeled barstar in native

form (i), low-pH oligomeric form (ii) and amyloid fibrils (iii). The intrinsic anisotropy (r0) was

measured by immobilizing the probe in glycerol. The inset shows the wobbling-in-cone model to

illustrate the local and global rotational dynamics of fluorophores covalently attached to a protein

(This figure was reproduced with permission from Elsevier (Ref. [51]))
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where φfast is related to the fluorophore which undergoes fast local rotation. On the

other hand, φslow is associated with the global motion of the aggregate which is

directly proportional to the overall aggregate size (V) as given by the Stokes–

Einstein–Debye equation:

φslow ¼ ηV=kT ð1:4Þ

where η is the viscosity and V ¼ 4=3πr3h where rh is the hydrodynamic radius. βfast
denotes the amplitude of the local motion which is a measure of the rotational

freedom (or the “degree of orientational constraint”) of the fluorescent probe.

Larger the volume of the molecular species, slower will be the anisotropy decay

and therefore longer will be the rotational correlation time (φ). The utility of time-

resolved fluorescence anisotropy measurements as a tool to detect protein aggre-

gation was demonstrated [56] whereby an external fluorescein label was employed

to study the aggregation of amyloid-beta peptide. The time-resolved fluorescence

anisotropy measurements have been effectively used to investigate protein aggre-

gation using both intrinsic and extrinsic fluorescent probes in addition to studying

the participation of different residues of a protein at various stages of aggregation

[26, 51, 57, 58]. In these studies the local dynamics indicated the conformational

flexibility/rigidity whereas the global dynamics allowed the estimation of aggregate

size. However, the accurate estimation of the size of large aggregates is not possible

using nanosecond lifetime probes. One would require to use long lifetime probes to

determine the size of large aggregates and fibrils.

1.4.3 Fluorescence Quenching

Fluorescence quenching is a phenomenon by which the fluorescence intensity of a

sample decreases due to intermolecular interaction between a fluorophore (intrinsic

and/or extrinsic) and a quencher [24]. The measurements on fluorescence

quenching provide information about the accessibility of the fluorophore (buried

or exposed) to the quencher such as oxygen, iodide, acrylamide etc. which in turn,

provide a quantitative estimation of the level of exposure of the fluorophore on the

polypeptide chain. Fluorescence quenching can be of two types namely, static and

dynamic. In static quenching, the fluorophore and the quencher form a complex

which does not fluoresce and the distance between the two is fixed. In dynamic or

collisional quenching which is distance-dependent, the quencher diffuses and forms

a complex with the fluorophore in the excited-state whereby the fluorophore does

not emit any photon upon relaxation to the ground-state. Depending on the fluo-

rescence lifetime of the fluorophore, diffusion can occur even at large distances.

Also, by choosing an appropriate quencher, one can selectively quench a

fluorophore of interest. Quenching analysis is generally performed by Stern-Volmer

plots whereby the fluorescence intensities in the presence and absence of a quencher

are collected independently and the ratio of the intensities is plotted as a function of
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varying quencher concentration from which Stern-Volmer quenching constants are

estimated. A high quenching constant would indicate that the fluorophore is

exposed to solvent whereas a low quenching constant would imply that the

fluorophore is buried inside. There are few reports where fluorescence quenching,

in addition to other fluorescence parameters, has been employed in protein aggre-

gation studies [25, 29, 59]. As expected, low quenching efficiency was observed

upon protein oligomer and aggregate formation wherein the fluorophore got buried

inside the interior of the aggregates. Additionally, based on the quenching exper-

iments, site-specific fluorescent protein mutants gave information about solvent

accessibility of various segments of the protein during oligomerization and aggre-

gation [25]. Additionally, internal (inbuilt) amino acid quenchers (Cys, Met, His

etc) can also act as conformational reporters of fluorescently labeled proteins.

1.4.4 Fluorescence Resonance Energy Transfer (FRET)

FRET, also known as F€orster resonance energy transfer, is a photophysical phe-

nomenon providing a quantitative estimate of the biomolecular distance in the

range of 1–10 nm [24]. The FRET technique is used as a reporter of alterations in

biomolecular distance as a function of conformational changes and dynamics. It

involves energy transfer from a donor (D) fluorophore in the excited state to an

acceptor (A) fluorophore in the ground state Consequently, the acceptor emission

intensity increases at the expense of donor emission (in steady-state mode) or the

donor lifetime decreases (in the time-resolved mode). The FRET efficiency (E) is

expressed as:

E ¼ R6
0= R6

0 þ r6
� � ð1:5Þ

where R0 is the F€orster distance (the distance at which energy transfer efficiency is

50 %) for a given donor-acceptor pair and r is the distance between donor and

acceptor whereby the transfer efficiency is inversely proportional to the sixth power

of interchromophore distance (r). The F€orster distance (R0) is simplistically

expressed as:

R0 ¼ 0:211 κ2n�4QDJ λð Þ� �1=6 ð1:6Þ

R0 shows dependence on the following factors: (i) extent of spectral overlap (J(λ))
of the donor emission spectrum with the acceptor absorption spectrum (ii) distance

(r) between the donor and acceptor moieties (iii) the donor’s quantum yield (QD) in

the absence of acceptor and (iv) relative orientation (κ2) of the donor and acceptor

transition dipoles. n is the refractive index which is generally assumed to be 1.4 for
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biomolecules in aqueous solution and κ2 is assumed to be 2/3 since the rotational

motion of the donor and acceptor can “randomize the relative orientation” prior to

energy transfer [24]. The FRET technique has been extended to protein aggregation

studies, especially to oligomer detection, as reported by several groups. By suitably

labeling the protein with donor and acceptor fluorophores, FRET measurements are

performed to investigate and monitor conformational fluctuations in the monomeric

protein as a consequence of changes in solution conditions conducive to aggrega-

tion and oligomeric intermediate formation along with conformational

rearrangement preceding amyloid fibrillation in combination with other fluores-

cence techniques [25, 60, 61]. Earlier efforts in α-synuclein aggregation studies

using FRET from tyrosine to tryptophan indicated the presence of early oligomeric

species during the lag phase which eventually formed amyloid fibrils. Interestingly,

few “partly oligomeric” intermediates were still present in the solution even after

the completion of fibril formation [25]. Another study using FRET in confocal

microscopy during the investigation of polyglutamine (polyQ) oligomer cytotoxic-

ity revealed that polyQ oligomers are soluble and assemble via “length-dependent

manner” inside cells and permeabilize the cell membranes [62]. Very recently,

in vivo FRET imaging studies have been carried out in a living multicellular

organism C. Elegans to probe α-synuclein aggregation that have shed light into

the nature of the aggregated species which were found to be less ordered than the

amyloid fibrils and the aggregation kinetics was also monitored [63].

1.4.5 Single-Molecule Fluorescence Studies

Single-molecule fluorescence methodologies are incredibly powerful tools to inves-

tigate the complex conformational behavior of aggregation prone amyloidogenic

proteins [64, 65]. Using single molecule fluorescence, it is possible to detect,

interrogate and analyze individual fluorescently labeled protein or protein com-

plexes. One of us was involved in characterizing natively unfolded or intrinsically

disordered yeast prion determinant of Sup35 protein [66]. Single-molecule FRET

(SM-FRET) was used to monitor the conformational properties of dual-labeled

protein. These experiments indicated that the protein adopts a collapsed conformer

under native condition. Additionally, fluorescence correlation spectroscopy (FCS)

measurements revealed the presence of nanosecond conformational fluctuations.

These results established that the monomeric form of the yeast prion determinant of

Sup35 protein adopts an ensemble of relatively unordered collapsed states with

rapid conformational fluctuations [66]. Using single-molecule fluorescence, the

mechanism of prion propagation has been suggested [67]. Recently, amyloidogenic

oligomers have been elegantly detected and characterized by single-molecule

fluorescence coincidence [68] and single-molecule photobleaching methods [69].
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1.4.6 Fluorescence Correlation Spectroscopy (FCS)

FCS is an extremely sensitive technique which can be performed at nanomolar

concentration and is sensitive down to single molecules. The basic principle of this

methodology is as follows. As fluorescently-labeled molecules diffuse in-and-out

through an illuminated confocal volume (�1 femtoliter) defined by a focussed laser

beam and pinhole, the fluorescence intensity fluctuates spontaneously as a result of

the translational diffusion. Statistical analysis of these time-dependent fluctuations

in fluorescence intensity using an autocorrelation function yields an autocorrelation

fit/curve from which an average number of molecules in the observation volume

and the average diffusion coefficient of the molecule are determined [70, 71]. The

normalized autocorrelation function for the fluorescence intensity (F(t)) fluctua-

tions is expressed as follows:

G τð Þ ¼ F tð ÞF tþ τð Þh i= F tð Þh i2 ð1:7Þ

which can be further denoted by:

G τð Þ ¼ 1=Veff Ch i�1=1þ τ=τDð Þ � 1=
�

1þ r20=z
2
0

� �
τ=τDð Þ� �1=2� ð1:8Þ

for diffusion-induced intensity fluctuations wherein Veff is the effective volume

(illuminated area), hCi is the average concentration of molecules, VeffhCi¼ hNi
where N is the average number of molecules, τD is the translational diffusion time

of the molecule and is given by:

τD ¼ r20=4D ð1:9Þ

where r0 is the detection volume and D: diffusion coefficient and r20/z
2
0 is the

structure parameter related to the Gaussian observation volume. From the diffusion

coefficient (D), the average size (or hydrodynamic radius; rh) of the molecule can be

estimated using the following equation: [72, 73]

D ¼ kT=6πηrh ð1:10Þ

However, apart from diffusion, fast conformational dynamics and triplet-state

dynamics also contribute to the fluctuations in the observed fluorescence intensity

which typically occur at faster timescales compared to the diffusion and can be

explained by a simple exponential decay function. Hence, in order to incorporate

these factors, the autocorrelation function can be rewritten as:

G τð Þ ¼ GD τð ÞGfast τð Þ ¼ GD τð Þ 1þ T=1� Tð Þexp �τ=τfastð Þf g ð1:11Þ

where T is the number of molecules occupying the dark triplet state [74, 75]. As a

consequence of fast timescales of these processes, a shoulder is commonly
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observed in the measured curve. FCS has been widely used to probe protein

aggregates and their size distribution either solely or in conjunction with FRET

both in solution [61, 65, 76–81] as well as in the cells [82–84]. In a recent report on

probing the effect of lipid on tau protein aggregation by FCS at various pH, it was

shown that anionic lipid vesicles induce aggregation of the K18 fragment of tau

protein when the latter reaches a critical aggregation concentration (CAC). The

CAC was found to increase with an increase in pH of the solution. Both FCS and

ThT-assay indicated the presence of tau-lipid co-aggregates and absence of the

vesicles did not promote aggregation [78]. FCS has also been successfully applied

to monitor inhibition of protein aggregation [85]. In another interesting study, FCS

in combination with TEM has been utilized to investigate the size, molecular mass

distribution and morphology of Aβ protein aggregates formed by two distinct

routes. It was observed that at low pH, Aβ forms a dimer and possibly 12-mer

species (spherical intermediates) that serve as precursors to amyloid fibrils whereas

it forms trimers prior to the formation of toxic amylospheroids (ASPDs) which do

not culminate in amyloid fibrils [79]. In another observation, it was pointed out

from diffusion coefficient measurements that the Sup35 protein oligomers (diffused

in the yeast cell cytoplasm) are actually fibrillar-shaped instead of being globular-

shaped [84]. All the FCS measurements generally involve one-photon excitation of

extrinsically-labeled fluorescent species, but recently, two-photon FCS using intrin-

sic tryptophan has been shown to be efficient in probing the formation of soluble

oligomers pertinent to protein aggregation [86]. Additionally, the tryptophan life-

time as a function of aggregation could be monitored simultaneously with

two-photon FCS technique. An extension of FCS is FCCS (fluorescence cross-

correlation spectroscopy) whereby instead of a single-wavelength-labeled fluores-

cent species, the temporal fluctuations in fluorescence intensity of dual-wavelength-

labeled fluorescent species are observed whereby the two colors are cross-

correlated [72, 87] By this technique, one can observe the cross-correlation pattern

arising out of “joint fluctuations” when the dual-colored molecules diffuse through

the observation volume simultaneously [88]. The working principles of both FCS

and FCCS have been used in image correlation spectroscopy. Raster image corre-

lation spectroscopy (RICS) [73, 82] is one such technique which allows one to

generate spatio-temporal autocorrelation curves from the images of the fluorescent

species by raster-scanning the laser beam across the surface to acquire the image.

1.5 Case Studies from our Laboratory at IISER Mohali

In this section, we will briefly discuss our efforts directed towards the elucidation of

aggregation mechanisms of three classes of model proteins, namely lysozyme

(αþβ) and bovine serum albumin (all α-helical) and κ-casein (intrinsically disor-

dered protein) using primarily fluorescence spectroscopy in combination with other

biophysical techniques [30, 31, 89, 90]. In all these studies, steady-state fluores-

cence spectroscopy was employed to monitor the simultaneous changes in both
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conformation and size. Information about the monomeric as well as oligomeric

intermediates and early stages of the aggregation process were extracted by mon-

itoring the aggregation kinetics using a variety of fluorescence readouts.

1.5.1 Lysozyme Aggregation

We have recently studied sodium dodecyl sulfate (SDS)-induced aggregation of

lysozyme [30]. In our study, we investigated the aggregation kinetics in real time by

monitoring the changes in tryptophan, ANS, fluorescein and dansyl fluorescence

intensity and anisotropy with an emphasis towards detection and characterization of

the early stages involved in the fibril assembly. The negatively-charged SDS, at a

concentration (150 μM) much below its critical micellar concentration (8.6 mM),

initiates aggregation of lysozyme (at a very low protein concentration ~5 μM) at

pH 9.2 at room temperature (Fig. 1.6). During aggregation kinetics experiments, an

increase in both fluorescence intensity and anisotropy of all the fluorescent probes

were observed as a function of time suggesting conformational- and size changes

leading to aggregation. The rate of change in fluorescence intensity of the

fluorophores could be fitted to a biexponential function indicating that the confor-

mational change during lysozyme aggregation is a biphasic process whereas the

rate of change in fluorescence anisotropy could be satisfactorily explained by a

single exponential function indicating an overall size growth. Comparison of the

apparent rate constants obtained during intensity and anisotropy kinetics suggested

that conformational changes precede the formation of large-sized aggregates

(Fig. 1.7). It was proposed that interaction between the positively-charged lyso-

zyme and negatively charged SDS results in conformational expansion with

increased hydrophobicity and such conformational expansion facilitates the forma-

tion of soluble oligomers.

1.5.2 Serum Albumin Aggregation

In another study on serum albumin aggregation, we first identified and character-

ized a ‘molten-globule-like’ intermediate of bovine serum albumin (BSA) at pH 3

that served as an amyloidogenic precursor. Using various fluorescence techniques

involving tryptophan fluorescence intensity and anisotropy, ANS fluorescence

intensity and anisotropy and pyrene I3/I1 measurements, we established that BSA

adopts an expanded conformational state at pH 3 [89]. Figure 1.8 shows the plot of

tryptophan fluorescence anisotropy for both bovine and human serum albumins as a

function of pH indicating multiple conformational transitions. At pH 3 and elevated

temperature, BSA fibrillation was observed [31] in the presence of salt whereby

ThT fluorescence assay indicated a dramatic rise in the ThT fluorescence intensity

as aggregation proceeded. The fibrillation occurred instantaneously without any
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lag-phase. A comparative analysis of BSA fibrillation kinetics (monitored by ThT)

at various pH indicated that the rate of fibrillation was the fastest at pH 3. After

establishing the formation of amyloid fibrils at low pH, attempts were made to

extract detailed information about the alterations in conformation and size of the

aggregates by observing the rate of changes in fluorescence intensity and anisotropy

of both intrinsic (tryptophan) and extrinsic (ANS, IAEDANS) fluorophores as a

function of time. Prior to heating, the presence of oligomers was detected by all the

fluorescent probes whereby higher fluorescence anisotropy was observed compared

to that of the monomeric protein indicating an increase in size (Fig. 1.4). After

heating, as the aggregation progressed, the tryptophan fluorescence intensity

decreased as a function of time but an increase in the ANS and AEDANS fluores-

cence intensity with a simultaneous blue-shifted emission were observed. It was

suggested that as the hydrophobically associated oligomers accumulated and

assembled into amyloid fibrils, the tryptophans were quenched due to proximal

amino acid residues such as histidines, phenylalanines and disulfides whereas ANS

and AEDANS served as fluorescent markers for enhanced hydrophobicity. The

fluorescence anisotropy of all the probes showed a monotonic increase as a function

of aggregation suggesting the formation of large-sized aggregates. Both the rate of

change in fluorescence intensity and anisotropy of the fluorescent reporters could be

fitted to a mono-exponential function to extract the apparent rate constants. Com-

parison of the rate constants obtained from various probes yielded a unified

observation that the conformational conversion in the preformed molten oligomers

occurs much faster than the overall size growth. Interestingly, the average rate

constant obtained from ThT-fluorescence kinetics was similar to that observed for

fluorescence anisotropy, thus, re-confirming the fact that ThT is more sensitive to
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addition of SDS. A triggering experiment shows that SDS is essential for lysozyme aggregation

at pH 9.2 (Adapted from Ref. [30])
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mature β-sheet-rich amyloid fibrils. It was proposed that the ‘molten-globule-like’
conformer of BSA forms soluble oligomers readily at higher protein concentration

assisted by the salt. At an increased temperature, conformational rearrangements

occur in these molten oligomers that culminate in fibrils formation (Fig. 1.9).

1.5.3 Conformational Property of κ-Casein – A Model
Intrinsically Disordered Protein

Caseins are flexible milk proteins which belong to the class of intrinsically disor-

dered proteins (IDPs) that lack specific secondary structure. They form protein

micelles under native conditions. We have used bovine κ-casein as a model IDP to

study conformational and aggregation behaviors. Using pyrene fluorescence

vibronic band ratio (I3/I1), we show concentration dependent micellar aggregation
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Fig. 1.7 (a) The observed rate constants obtained during SDS-induced lysozyme aggregation

using various fluorescence readouts indicate that the conformational changes in lysozyme precedes

overall size growth of the aggregates. (b) A plausible model of SDS-induced lysozyme aggrega-

tion (Adapted from Ref. [30])
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of native κ-casein in water (Fig. 1.10a). We monomerized it by denaturing followed

by disulfide reduction and subsequent carboxymethylation of free cysteines in order

to prevent intermolecular disulfide formation. Upon renaturation,

carboxymethylated κ-casein showed much lower tryptophan fluorescence anisot-

ropy compared to native κ-casein micelles (Fig. 1.10b). We used monomeric

κ-casein as a model protein to study conformational behavior of an IDP. Polypep-

tide chain collapse of IDPs is believed to play a key role in protein misfolding and

amyloid aggregation. Using a variety of fluorescence spectroscopic tools, we have

first established that monomeric κ-casein adopts a collapsed ‘pre-molten globule’
like conformers under native condition. We then took the advantage of two free

cysteines that are separated by 77-amino acid residues and then covalently labeled

the cysteines using thiol-reactive pyrene maleimide. This dual-labeled protein

demonstrated a strong excimer formation upon renaturation from urea- and acid-

denatured states both under equilibrium and kinetic conditions providing a com-

pelling evidence of polypeptide chain collapse under physiological conditions

(Fig. 1.10c) [90]. We believe that our pyrene excimer fluorescence-based method-

ology will be applied to other IDPs. Currently, investigations of aggregation

behavior of IDPs are in progress in our laboratory.

1.6 Conclusions and Future Directions

In this review, we have provided an overview of protein misfolding and aggregation

studies using fluorescence spectroscopy at various levels of sophistication from

steady-state fluorimeter measurements to time-resolved and single molecule fluo-

rescence measurements. It is expected that this review will serve as a benchmark to

the practitioners in the field of protein misfolding and aggregation. Monitoring
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different fluorescence readouts during the course of aggregation will allow us to

delineate the steps that are involved in the aggregation process. In addition to

fluorescence spectroscopic experiments, high-resolution fluorescence microscopy

will provide a handle to directly visualize aggregate formation and maturation.

Such imaging experiments using a variety of fluorescence microscopy techniques

have illuminated intricate structural and mechanistic details of amyloid fibrils. For

instance, total internal reflection fluorescence microscopy has been employed to

watch fibril growth in real time [67, 91]. Recently, amyloid fibrils have been imaged

using near-field scanning optical microscopy technique that is capable of imaging

with the nanoscale resolution (beyond the diffraction limit of conventional micro-

scope) [92]. Another exciting development in the field will be to directly watch

aggregation and fibril formation in living cells. A recent work describes the

methodology to probe fibrillation using FRET imaging in living cells [93]. We

anticipate that in the near future, developments in fluorescent probe chemistry,

protein engineering and (unnatural) fluorescent amino acid incorporation, cell

biology and fluorescence microscopy techniques will further push the boundaries

to drive the amyloid biology field in new and exciting directions.
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