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ABSTRACT: Spectrin is a cytoskeletal protein ubiquitous in metazoan cells that
acts as a liaison between the plasma membrane and the cellular interior and imparts
mechanical stability to the plasma membrane. Spectrin is known to be highly
dynamic, with an appreciable degree of torsional and segmental mobility. In this
context, we have earlier utilized the red edge excitation shift (REES) approach to
report the retention of restricted solvation dynamics and local structure in the
vicinity of spectrin tryptophans on urea denaturation and loss of spectrin secondary
structure. As a natural progression of our earlier work, in this work, we carried out a
biophysical dissection of tryptophan solvation and rotational dynamics in spectrin
and its constituent domains, in order to trace the origin of local structure retention
observed in denatured spectrin. Our results show that the ankyrin binding domain
(and, to a lesser extent, the β-tetramerization domain) is capable of retention of
local structure, similar to that observed for intact spectrin. However, all α-chain
domains studied exhibit negligible retention of local structure on urea denaturation. Such a stark chain-specific retention of local
structure could originate from the fact that the β-chain domains possess specialized functions, where conservation of local
(structural) integrity may be a prerequisite for optimum cellular function. To the best of our knowledge, these observations represent
one of the first systematic biophysical dissections of spectrin dynamics in terms of its constituent domains and add to emerging
literature on comprehensive domain-based analysis of spectrin organization, dynamics, and function.

■ INTRODUCTION

Spectrin is a cytoskeletal protein ubiquitous in metazoan
(multicellular mitochondrial) cells1,2 that acts as a liaison
between the plasma membrane and the cellular interior,3 on
account of its interaction with a wide range of cytoplasmic,
membrane-bound, and cytoskeletal proteins.4 The emergence
of this protein is believed to be linked to the evolution of
metazoans from unicellular protists.5 The spectrin meshwork
(along with other cytoskeletal components such as actin)6

imparts mechanical stability to the plasma membrane and
regulates cellular morphology. Spectrin is localized at the
cytoplasmic face of eukaryotic membranes and acts as a
dynamic scaffold for membrane protein sorting and formation
of membrane domains.7,8 These functions of spectrin are
believed to underlie its contribution toward stabilization and
activation of membrane proteins9 and its involvement in
organelle biogenesis.10 In addition, several non-canonical
functions of spectrin, including its chaperone activity11−14

and role in cellular signaling15 and cell−cell adhesion,16 have
been reported. The widespread occurrence and multifaceted
biology of spectrin is reflected in the fact that mutations in
spectrin are associated with multiple human diseases including
blood disorders, cardiopathies, and neurological disor-
ders.17−19 Interestingly, breakdown products generated in

cellulo on spectrin cleavage have been proposed as biomarkers
for neurodegenerative diseases.20

Structurally, spectrin consists of an elongated tetrameric unit
formed by a head-to-head interaction of two heterodimeric
subunits. Each heterodimer, in turn, is assembled by a head-to-
tail antiparallel arrangement of spectrin α- and β-chains (see
Figure 1a). The α/β-chains are mostly composed of a series of
contiguous triple helical coiled coil “spectrin repeats” (∼106
amino acids long) that are conserved in all members of the
spectrin family.21 The large-scale organization of spectrin is
mediated by the dimerization and tetramerization domains on
the α- and β-chains. The spectrin skeleton can be
conceptualized as a periodic arrangement of “extensible linked
mosaics”,10 where variations in the frequency and identity of
these mosaics lead to distinct interacting partners and cell type
dependent biochemistry of spectrin. The flexible linker regions

Received: September 30, 2021
Revised: November 15, 2021
Published: November 30, 2021

Articlepubs.acs.org/JPCB

© 2021 American Chemical Society
1045

https://doi.org/10.1021/acs.jpcb.1c08600
J. Phys. Chem. B 2022, 126, 1045−1053

D
ow

nl
oa

de
d 

vi
a 

C
O

R
N

E
L

L
 U

N
IV

 o
n 

Fe
br

ua
ry

 1
0,

 2
02

2 
at

 1
4:

53
:4

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sreetama+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dipayan+Bose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhijit+Chakrabarti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amitabha+Chattopadhyay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c08600&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c08600?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c08600?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c08600?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c08600?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c08600?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/5?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/5?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/5?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/5?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c08600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf


between spectrin repeats, on the other hand, act as a molecular
shock-absorber and enable membrane deformation, resulting in
transient sculpting of distinct localized scaffolds for binding to
a variety of (membrane-associated or cytoplasmic) partners. In
addition to these structural modules, spectrin consists of
several specialized domains for the recruitment of specific
cytoskeletal or adaptor proteins,9 including an actin binding
domain, an ankyrin binding domain, an Src3 homology
domain, a pleckstrin homology domain, and an EF hand
domain.
Spectrin is known to be highly dynamic, with an appreciable

degree of torsional and segmental mobility.22−26 In this
context, we have earlier utilized the red edge excitation shift
(REES) approach27−32 to report on restricted solvation
dynamics in the vicinity of spectrin tryptophans.33 Interest-
ingly, this dynamic signature of spectrin tryptophans was
retained in spite of loss of global secondary structure on urea
denaturation, indicating the presence of localized structured
sites in denatured spectrin with possible functional repercus-
sions. Since tryptophan residues are distributed throughout
spectrin, most notably in conserved locations in the “spectrin-
repeat” domains, we wanted to check whether the restricted
solvation dynamics around spectrin tryptophans observed on
denaturation could be mapped to specific constituent domains
of spectrin. Our results show that the ankyrin binding domain
(and, to a lesser extent, the β-tetramerization domain) is

capable of retention of local structure, similar to that observed
for intact spectrin. In addition, the other two β-chain domains
studied (actin binding and β-dimerization domains) retained
local structure to an extent greater than intact spectrin. On the
other hand, all α-chain domains studied show negligible
retention of local structure on urea denaturation. Such a stark
chain-specific retention of local structure could be rationalized
on the basis of the fact that the β-chain consists of domains
with specialized functions, where conservation of local
(structural) integrity may be a prerequisite for optimum
cellular function. These observations add to the relatively
scarce literature on differential mobility of spectrin segments,
thereby highlighting the suitability of REES-based approaches
for a nuanced biophysical dissection of the contribution of
individual (protein) domains toward global organization and
dynamics of complex multidomain proteins.

■ METHODS
Materials. Tris base, potassium chloride, NaH2PO4,

Na2HPO4, sodium chloride, EDTA, PMSF, imidazole,
dithiothreitol, sodium dodecylsulfate (SDS), N-acetyl-L-
tryptophanamide (NATA), and urea (BioUltra grade) were
obtained from Sigma (Sigma, St. Louis, MO). pET151/D-
TOPO plasmids containing the sequences of interest were
acquired from Invitrogen (Eugene, OR). All other chemicals
used were of the highest available purity. Samples were

Figure 1. (a) A schematic representation of dimeric erythroid spectrin consisting of an α-chain (light gray) and a β-chain (dark gray). The
positions of individual domains are indicated with rectangular boxes. These include α-dimerization (α-dimer; light blue), α-tetramerization (α-
tetramer; dark blue), and α-repeat (yellow) domains on the α-chain and β-dimerization (β-dimer; light green), β-tetramerization (β-tetramer; dark
green), ankyrin binding (maroon), and actin binding (pink) domains on the β-chain. These domains were chosen on account of their specialized
functions including involvement in spectrin organization (dimerization/tetramerization) and binding to other cytoskeletal (actin) and adaptor
(ankyrin) protein partners. Representative fluorescence emission spectra of spectrin and its constituent domains in (b) native and (c) urea-
denatured states, with the inset on the top right of each panel showing the corresponding emission maximum. Data for spectrin are plotted in black,
while the color coding for the spectrin domains is the same as in panel a. All spectra were recorded in the corrected spectrum mode, and the
observed emission maxima were identical to or within ±1 nm of the values reported in each case. The concentrations of spectrin and each spectrin
domain were 0.25 and 20 μM, respectively. See the Methods section for more details.
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prepared using water purified through a Millipore (Bedford,
MA) Milli-Q system.
Spectrin Isolation. Dimeric erythroid spectrin was

obtained from ovine blood collected from animals slaughtered
for commercial consumption at a local slaughterhouse
employing previously reported protocols.11−13,34 Isolated
spectrin was purified by size exclusion chromatography on
CL-4B columns, and its purity was checked using 8% SDS
polyacrylamide gel electrophoresis. Spectrin concentration was
determined spectrophotometrically, as reported earlier.35

Preparation and Purification of Spectrin Domains.
Seven constituent domains of spectrin, namely, the α-
dimerization domain (α-dimer), α-tetramerization domain
(α-tetramer), α-repeat domain, β-dimerization domain (β-
dimer), β-tetramerization domain (β-tetramer), ankyrin bind-
ing domain, and actin binding domain, were expressed and
purified for the purpose of this study. The sequences of these
domains have been previously reported by us.34 Briefly, the
polypeptide sequences of these domains were determined
based on available literature.36,37 For cloning spectrin domains,
pET151/D-TOPO plasmids with the sequences of interest
inserted under control of the Lac operon and T7 viral
promoter with an N-terminal hexa-histidine tag and an
ampicillin selection marker were used. Plasmids were electro-
porated into BL21(DE3) competent cells (Thermo Fisher
Scientific, Waltham, MA) for protein expression. Due to
solubility issues, protein expression was optimized to
conditions for highest yield. Proteins were extracted and
purified under urea-denatured conditions and then refolded.
Cells were grown in LB media supplemented with 100 μg/mL
ampicillin at 37 °C, and protein expression was induced in a
log phase culture (corresponding to an OD280 value of 0.6) by
treatment with 0.5 mM IPTG for 3 h at room temperature
(∼25 °C). Cells were then collected and washed to remove
media by centrifugation at 5000 × g. Washed cells were lysed
by sonication in a buffer containing 10 mM Tris−HCl, 100
mM NaCl, 8 M urea, pH 8.0, followed by centrifugation of the
lysate at 12000 × g. Subsequently, Ni2+-NTA resin (Qiagen,
Hilden, Germany) equilibrated with the same buffer was
incubated with two volumes of the lysate for 2 h at room
temperature (∼25 °C). The resin was washed successively with
buffer and 20 mM imidazole dissolved in the same buffer to
first elute the nonspecific binders. Proteins of interest were
eluted using buffer containing 200 mM imidazole. Next, the
isolated unfolded proteins were sequentially dialyzed against 7,
6, 5, 4, 3, 2, 1, and 0.5 M urea in the same buffer, followed by
dialysis in pure buffer without urea. The solution containing
each of the folded spectrin domains was centrifuged at 7000 ×
g for 5 min to ensure removal of misfolded proteins, if any, and
the supernatant was passed through a 0.22 μm syringe filter
(Merck Millipore, Burlington, MA) to yield pure fractions of
folded proteins. The sample purity was checked by 15% SDS
polyacrylamide gel electrophoresis, and the concentration was
measured by BCA assay.38 Protein aliquots were stored at 4 °C
and used for subsequent experiments, until protein aggregation
was detected in the form of pellets.
Sample Preparation. Protein samples for fluorescence

measurements were prepared by buffer exchange to a 20 mM
sodium phosphate, 100 mM NaCl, pH 8.0 buffer using
centrifugal filters (Merck Millipore). The concentration of
spectrin and each of its constituent domains were set to 0.25
and 20 μM, respectively, by dilution with the buffer.
Denaturation was carried out by incubating protein samples

with 8 M urea (BioUltra grade) in the dark for 2 h prior to data
acquisition. The concentration of urea was estimated using a
Brixxus CRI375P-01U refractometer (Sartorius AG, Goettin-
gen, Germany), as reported earlier.39

Fluorescence Measurements. Steady state fluorescence
measurements were carried out in a Fluorolog-3 Model FL3-22
spectrofluorometer (Jobin Yvon, Edison, NJ) using semimicro
quartz cuvettes. All spectra were recorded in the corrected
spectrum mode, and the observed emission maxima were
identical to or within ±1 nm of the values reported in each
case. The artifactual interference of scattering and solvent
Raman peaks were removed by subtracting the signal of
background samples (containing only buffer or buffer and
urea) from the corresponding spectral data for native or
denatured protein, respectively. Fluorescence anisotropy
measurements were performed in the same setup using in-
built Glan-Thompson polarizers. Fluorescence anisotropy
values were calculated using eq S1. Time-resolved fluorescence
measurements were performed in a Delta-D TCSPC system
(Horiba Jobin Yvon IBH, Glasgow, U.K.) with EzTime
software, version 3.2.2.4 (Horiba Scientific, Edison, NJ) in
the time-correlated single photon counting (TCSPC) mode.
Ludox (colloidal silica) and a pulsed light-emitting diode (DD-
290) were used as a scatterer and an excitation source,
respectively, for time-resolved fluorescence measurements.
Intensity-averaged mean fluorescence lifetime values were
calculated using eq S3. More details about the parameters used
for steady state and time-resolved fluorescence data acquisition
are provided in sections S1 and S2, respectively. All
experiments were performed at room temperature (∼23 °C)
with at least three independent sets of replicates.

Data Analysis and Plotting. Data were plotted with
Microcal Origin, version 8.0 (OriginLab, Northampton, MA).
The adjacent averaging method in Origin was employed for
smoothening fluorescence emission spectra to a moderate
degree, while ensuring negligible alterations in the overall
spectral shape. Spectral smoothening was performed only for
the purpose of representation.

■ RESULTS AND DISCUSSION
In this work, we have performed a comprehensive analysis of
tryptophan dynamics in spectrin and its constituent domains,
with the overall objective of identifying whether the retention
of local structure observed on spectrin denaturation originates
from specific spectrin domains. To this end, seven spectrin
domains (see Figure 1a) were chosen based on their functions
including involvement in spectrin organization (dimerization/
tetramerization) and binding to other cytoskeletal (actin) and
adaptor (ankyrin) protein partners. These include the α-
dimerization, α-tetramerization, and α-repeat domains on the
α-chain and β-dimerization, β-tetramerization, ankyrin binding,
and actin binding domains on the β-chain. The rationale
behind employing tryptophan fluorescence as a marker for
such a biophysical dissection merits comment. Although
tryptophan residues are distributed throughout spectrin, the
majority of these residues (∼90%) are located at conserved
positions in the spectrin repeats.36,37 Importantly, a conserved
tryptophan in the spectrin repeat has been reported to be
necessary for spectrin folding.40 These characteristics imply
that the tryptophan microenvironment could faithfully mirror
the microenvironment of the spectrin repeats, which constitute
basic building blocks for the spectrin network. Fluorescence
readouts from these intrinsically fluorescent residues could
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therefore provide a sensitive window into the organization and
dynamics of spectrin. The actin and ankyrin binding domains
have five and three tryptophans, respectively.
First, we monitored the fluorescence emission spectra of

spectrin and the seven constituent domains under native
(Figure 1b) and urea-denatured (Figure 1c) conditions. The
emission maximum for each protein in the denatured state

(inset to Figure 1c) was red-shifted relative to that in the
native state, indicating that urea denaturation led to the loss of
secondary structure. Such a loss in global secondary structure
for spectrin and spectrin domains on urea denaturation has
been reported earlier.33,34 In addition, the emission maximum
for spectrin was generally found to be at a shorter wavelength
relative to that for each of the domains under both native and

Table 1. Representative Intensity-Averaged Mean Fluorescence Lifetimes of Native and Denatured Spectrin and Its
Constituent Domainsa

α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns) ⟨τ⟩b (ns) χ2

(a) Native
spectrin 0.20 1.85 0.07 5.09 0.73 0.24 2.82 1.0
α-dimerization 0.22 1.91 0.10 5.06 0.68 0.29 3.04 1.1
α-tetramerization 0.52 1.89 0.11 4.98 0.37 0.54 2.71 1.0
α-repeat 0.51 2.05 0.12 5.53 0.37 0.94 2.99 1.2
β-dimerization 0.42 2.73 0.20 6.23 0.38 0.77 4.14 1.1
β-tetramerization 0.38 2.44 0.18 5.81 0.44 0.64 3.78 1.1
ankyrin binding 0.56 2.42 0.18 5.75 0.26 0.83 3.61 1.0
actin binding 0.42 2.32 0.19 5.90 0.39 0.63 3.86 1.0

(b) Denatured
spectrin 0.56 1.73 0.15 4.85 0.29 0.55 2.85 1.0
α-dimerization 0.45 2.63 0.23 5.12 0.32 0.78 3.58 1.0
α-tetramerization 0.43 2.85 0.26 5.45 0.31 0.93 3.92 1.1
α-repeat 0.43 2.34 0.17 5.35 0.40 1.00 3.29 1.1
β-dimerization 0.51 1.88 0.21 4.61 0.28 0.72 3.01 1.1
β-tetramerization 0.43 2.75 0.15 5.77 0.42 1.00 3.51 1.0
ankyrin binding 0.40 3.01 0.29 4.63 0.31 1.42 3.50 1.1
actin binding 0.45 2.51 0.16 5.34 0.39 0.84 3.32 1.0

aThe excitation wavelength was 297 nm. The emission wavelength was set to the respective emission maximum (shown in insets of Figure 1b and
c, respectively) for each native and denatured protein sample. A total of 10,000 photons were collected at the peak channel. The concentrations of
spectrin and each of its constituent domains were 0.25 and 20 μM, respectively. All other conditions are that same as those in Figure 1b and 1c. See
the Methods section and section S2 for more details. bCalculated using eq S3.

Figure 2. Change in (a) fluorescence anisotropy and (b) intensity-averaged mean fluorescence lifetime of tryptophan residues in spectrin and its
constituent domains on urea denaturation. Fluorescence parameters for native and denatured proteins are shown with filled and hatched bars,
respectively. Fluorescence anisotropy and lifetime data were collected at the respective excitation wavelengths of 295 and 297 nm, whereas the
emission wavelength was set to the emission maxima of each protein (shown in the insets to Figure 1b and c for native and denatured conditions,
respectively). Values of fluorescence anisotropy and intensity-averaged mean fluorescence lifetime were calculated using eqs S1 and S3, respectively.
The concentrations of spectrin and each spectrin domain were 0.25 and 20 μM, respectively. The color coding and all other experimental
conditions are the same as in Figure 1b and c. Data represent means ± SE of at least three independent measurements. See the Methods section
and Table 1 for more details.
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denatured conditions. This is expected and could be attributed
to the higher fraction of structural elements in intact spectrin
compared to that in the domains.
Figure 2 shows the change in fluorescence anisotropy and

intensity-averaged mean fluorescence lifetime in spectrin and
spectrin domains upon urea denaturation. The decrease in
fluorescence anisotropy (Figure 2a) on denaturation across all
proteins was expected, again implying a loss in secondary
structure on urea denaturation. A careful analysis of the mean
fluorescence lifetime values (Figure 2b) for the proteins in
their native and denatured states points at a more nuanced and
domain-specific difference in their tryptophan microenviron-
ment. For spectrin and domains from the spectrin α-chain,

denaturation leads to an overall increase in mean fluorescence
lifetime. This is due to the increase in viscosity in the presence
of urea, which would decrease the probability of non-radiative
relaxation of the excited-state fluorophore population and be
possibly manifested as an increase in mean fluorescence
lifetime.41 This effect was confirmed by using the fluorescence
standard NATA, where the intensity-averaged mean fluo-
rescence lifetime exhibited an increase of ∼34% in the
presence of urea (data not shown). On the other hand, the
mean fluorescence lifetimes of spectrin β-chain domains were
found to exhibit reduction upon denaturation. Since mean
fluorescence lifetime values provide insights into the
fluorophore microenvironment,42 this implies that denatura-

Figure 3. Red edge excitation shift (REES) of tryptophan residues in spectrin and its constituent domains. Effect of changing excitation wavelength
on tryptophan emission maximum for spectrin and its domains in (a) native (closed symbols) and (b) denatured (open symbols) states. Data
shown are representative of at least three independent measurements, and the observed emission maxima were identical to or within ±1 nm of the
values reported. Lines joining the data points are provided merely as viewing guides. (c) Magnitude of REES (ΔREES), defined as the red shift in
emission maximum on changing the excitation wavelength from 280 to 307 nm, for tryptophan residues in spectrin and its domains under native
(filled bars) and denatured (hatched bars) conditions. The concentration of spectrin and each spectrin domain was 0.25 and 20 μM, respectively.
The color coding and all other experimental conditions are the same as in Figure 1b and c. (d) Scatter plot of ΔREES for tryptophan residues of
spectrin and its domains under native vs denatured conditions. The gray diagonal bar from bottom left to top right represents a spectrin-like change
in ΔREES on urea denaturation, with its width scaled to the intrinsic error (∼±1 nm) of REES measurements. The gray bar allows segregation of
the plot into two distinct regions, with data points on the top left and bottom right corresponding to domains that retain local structure on urea
denaturation to a greater (dark gray arrow pointing left; marked by solid black triangular borders) or lesser (light gray arrow pointing right; marked
by dashed black triangular borders) extent, respectively, relative to spectrin. Data points without a triangular border were used to denote domains
exhibiting spectrin-like retention of local structure. See the Methods section and text for more details.
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tion-induced changes in the tryptophan environment for the β-
chain domains are distinct from those experienced by the α-
chain tryptophans. Mean fluorescence lifetime values are also
known to be readily influenced by the extent of solvent
exposure for a specific fluorophore. Therefore, with the
objective of gaining more information on the solvation state
of these tryptophan residues, we next utilized the REES
technique to check for differential tryptophan solvation
dynamics in spectrin and its constituent domains.
The REES approach27−32 is based on the premise that the

presence of (local or global) structure in the vicinity of a
fluorophore (tryptophan in this case) would impose
constraints on solvation dynamics in the fluorophore micro-
environment, leading to a temporal overlap of solvation
dynamics and fluorescence lifetime. Such an overlap would be
manifested as a shift in the emission maximum of the
fluorophore on increasing the excitation wavelength, thereby
providing a sensitive window into subtle changes in the
fluorophore microenvironment. Tryptophan residues in all
native (Figure 3a) and denatured (Figure 3b) proteins
exhibited REES, albeit to varying extents, indicating the
presence of appreciable secondary structural elements in the
vicinity of these residues, even after denaturation. This can be
quantified in terms of the magnitude of REES, which
represents the overall shift in the tryptophan emission maxima
on changing the excitation wavelength from 280 to 307 nm.
Figure 3c shows the change in magnitude of REES for spectrin
and its constituent domains on urea denaturation. As reported
earlier by us,33 urea denaturation of spectrin did not lead to a
complete loss in secondary structural elements, which is
manifested as a REES of 7 and 3 nm, respectively, in native and
denatured spectrin.
Using this characteristic of tryptophan solvation dynamics in

native and denatured spectrin as a benchmark, we were able to
classify the spectrin domains studied here into three groups
with respect to the observed retention of local structure on
urea-induced denaturation. For this, the percentage change in
ΔREES (ΔΔREES = ((ΔREESnative − ΔREESdenatured)/
ΔREESnative) × 100) was calculated for all systems. This
indicated the presence of five discrete groups of proteins, in
decreasing order of retention of local structure upon urea
denaturation, consisting of actin binding and β-dimerization
domains, intact spectrin, ankyrin binding and β-tetramerization
domains, α-dimerization and α-repeat domains, and α-
tetramerization domain. Based on this analysis, the ankyrin
binding and β-tetramerization domains were found to resemble
spectrin to the largest extent (with respect to their response to
urea denaturation). This observation was reinforced by
ΔREESnative and ΔREESdenatured values for these two domains
(6 and 3, respectively, for the ankyrin binding domain and 4
and 2, respectively, for the β-tetramerization domain;
compared to 7 and 3, respectively, for intact spectrin).
This is schematically depicted in Figure 3d, where the gray

diagonal bar across the plot demarcates spectrin-like retention
of local structure (with respect to both ΔREES and ΔΔREES
values). The width of the gray bar is scaled to the intrinsic
error (∼ ±1 nm) associated with REES measurements. The
gray bar further segregates Figure 3d into two distinct regions,
with data points on the top left and bottom right
corresponding to domains that retain local structure on urea
denaturation to a greater (marked by solid black triangular
borders) or lesser (marked by triangles with dashed black
triangular borders) extent, respectively, relative to spectrin.

Data points without a triangular border were used to highlight
domains exhibiting spectrin-like retention of local structure. In
addition, it is to be noted that the midplane of the gray bar
(passing through the data point for spectrin; shown by a black
symbol in Figure 3d) would give rise to negligible values (1
and 0, respectively) of the x- and y-intercepts. This feature
underscores the robustness and biological relevance of this
analysis, since a negligible magnitude of ΔREESnative for intact
spectrin is expected to translate to a negligible magnitude of
ΔREESdenatured. This analysis allowed us to identify the ankyrin
binding domain (and, to a lesser extent, the β-tetramerization
domain) to be spectrin-like in terms of retention of local
structure on denaturation. Interestingly, the other two β-chain
domains studied (actin binding and β-dimerization domains)
retained local structure to an extent greater than intact
spectrin. However, all three α-chain domains studied exhibited
negligible retention of local structure on urea denaturation.
A similar analysis was attempted with changes in

fluorescence anisotropy and intensity-averaged mean fluores-
cence lifetime observed on changing excitation and/or
emission wavelengths (Figures S1−S3). Although trends for
individual proteins in both native and denatured states
indicated the presence of restricted solvation dynamics in the
vicinity of the tryptophan residues, none of the domains could
be explicitly identified to be spectrin-like. This could be due to
the complex effects of urea on tryptophan fluorescence.41 In
addition, values of the apparent rotational correlation time of
the tryptophan residues in each protein were calculated using
eq S4. The apparent rotational correlation time represents the
time taken for a fluorophore to physically rotate along its
molecular long axis and, as such, provides information
complementary to solvation dynamics in the fluorophore
microenvironment. These values for tryptophan in spectrin and
spectrin domains (shown in Figure 4) were lower under
denatured conditions (relative to native samples), indicating an
overall loss in structural elements on denaturation and
reinforcing the insights drawn from Figures 1b,c and 2a.
However, the magnitude of change in apparent rotational
correlation times (calculated using eq S5 and shown in the
inset to Figure 4) did not show much domain-specific
difference.
We have earlier utilized REES signatures of intrinsically

fluorescent tryptophan residues to explore changes in the
organization and dynamics of a range of soluble proteins and
peptides39,43−47 on partial or complete denaturation, including
that in erythroid33,48 and non-erythroid49 spectrin. In this
work, we were able to map the retention of local structure in
denatured spectrin, reported earlier by us,33 specifically to the
spectrin β-chain (Figure 5). In particular, the ankyrin binding
domain (and, to a lesser extent, the β-tetramerization domain)
was found to behave in a spectrin-like manner. The other two
β-chain domains studied (actin binding and β-dimerization
domains) retained local structure to an extent greater than
intact spectrin. Such a stark chain-specific retention of local
structure could originate from the fact that the β-chain consists
of domains with specialized functions, where conservation of
local (structural) integrity may be a prerequisite for optimum
cellular function. The spectrin α-chain domains are predom-
inantly involved in the formation of the spectrin meshwork,
where conservation of global structural elements may not
assume as much physiological relevance.
The ankyrin binding domain is known to dictate the

recruitment of spectrin to specific membrane domains1 and has
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been implicated in the pathophysiology of myriad human
diseases.17 Interestingly, two of the three tryptophan residues
in the ankyrin binding domain have been reported to be
indispensable in promoting ankyrin-sensitive membrane
recognition of spectrin.50 In addition, optimum spectrin−
ankyrin binding is central to many aspects of spectrin biology
and has been linked to multiple diseases.17 In this backdrop,
our present observations add to the relatively scarce literature
on differential mobility of spectrin segments22−26 and, to the
best of our knowledge, represent one of the first systematic
biophysical dissections of spectrin organization and dynamics
in terms of its constituent domains. We envision that insights
from this work could assume broader relevance in the context
of a growing body of literature34,51−54 attempting to trace the
origin of spectrin biochemistry and cell biology to its
constituent domains.

■ CONCLUSION
Taken together, this work represents a biophysical dissection
of tryptophan solvation and rotational dynamics in spectrin
and its constituent domains utilizing fluorescence spectroscopy
and was carried out to trace the origin of the characteristic
retention of local structure observed in denatured spectrin with
negligible global secondary structure. Our results show that the
ankyrin binding domain (and, to a lesser extent, the β-
tetramerization domain) is capable of retention of local
structure, similar to that observed for intact spectrin. In

addition, the other two β-chain domains studied (actin binding
and β-dimerization domains) retained local structure to an
extent greater than intact spectrin. On the other hand, all α-
chain domains studied showed negligible retention of local
structure on urea denaturation. Such a stark chain-specific
retention of local structure could originate from the fact that
the β-chain consists of domains with specialized functions,
where conservation of local (structural) integrity may be a
prerequisite for optimum cellular function. These observations
represent one of the first systematic studies of spectrin
organization and dynamics in terms of its constituent domains
and add to the relatively scarce literature on differential
dynamics of spectrin segments. In addition, this work
highlights the suitability of REES-based approaches for a
nuanced biophysical dissection of the contribution of
individual (protein) domains toward global organization,
dynamics, and biology of complex multidomain proteins.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c08600.

Section S1, steady state fluorescence measurements;
section S2, time-resolved fluorescence measurements;
section S3, estimation of apparent rotational correlation
time; Figure S1, influence of changing excitation
wavelength on fluorescence anisotropy of tryptophan

Figure 4. Change in rotational dynamics of tryptophan residues of
spectrin and its constituent domains on urea denaturation. Apparent
rotational correlation times were calculated using eq S4 using
fluorescence anisotropy (data from Figure 2a) and intensity-averaged
mean fluorescence lifetime (data from Figure 2b; representative data
in Table 1) values. Fluorescence anisotropy and lifetime data were
collected at the respective excitation wavelengths of 295 and 297 nm,
whereas the emission wavelength was set to the emission maxima of
each protein (shown in insets to Figure 1b and c for native and
denatured conditions, respectively). The inset shows the relative
change in apparent rotational correlation time (calculated using eq
S5) on urea denaturation for tryptophan residues in spectrin and its
domains, normalized to the apparent rotational correlation time for
each protein in its native conformation. The concentrations of
spectrin and each spectrin domain were 0.25 and 20 μM, respectively.
The color coding and all other experimental conditions are the same
as in Figure 1b and c. Data represent means ± SE of at least three
independent measurements. See the Methods section for more details.

Figure 5. A schematic representation of a pair of erythroid spectrin
dimers with the domains studied highlighted with rectangular boxes.
The color coding is the same as in Figure 1a. A comparative analysis
of tryptophan solvation dynamics in spectrin and its domains, utilizing
the red edge excitation shift (REES) approach, showed that the
ankyrin binding domain (and, to a lesser extent, the β-tetramerization
domain) is capable of retention of local structure, at levels similar to
that observed for intact spectrin, on urea denaturation (highlighted by
a sphere with a dashed black border). The actin binding and β-
dimerization domains, on the other hand, retained local structure to a
greater extent (highlighted by two ellipses with intact black borders),
relative to intact spectrin on urea denaturation. Interestingly, all of
these domains are part of the spectrin β-chain, while the three α-chain
domains studied showed negligible retention of local structure on urea
denaturation. Such a stark chain-specific retention of local structure
could originate from the fact that the β-chain consists of domains with
specialized functions, where conservation of local (structural)
integrity may be a prerequisite for optimum cellular function. These
observations add to the relatively scarce literature on differential
dynamics of spectrin segments and highlight the suitability of REES-
based approaches for a nuanced biophysical dissection of the
contribution of individual (protein) domains toward global
organization and dynamics of complex multidomain proteins. See
text for more details.
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residues in spectrin and constituent domains; Figure S2,
influence of changing emission wavelength on intensity-
averaged mean fluorescence lifetime of tryptophan
residues in spectrin and constituent domains; Figure
S3, influence of changing emission wavelength on
fluorescence anisotropy of tryptophan residues in
spectrin and constituent domains (PDF)
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