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A B S T R A C T

Transactivation domain of Adenovirus Early region 1A (E1A) oncoprotein is an intrinsically disordered molecular
hub protein. It is involved in binding to different domains of human cell transcriptional co-activators such as
retinoblastoma (pRb), CREB-binding protein (CBP), and its paralogue p300. The conserved region 1 (TAD) of E1A
is known to undergo structural transitions and folds upon interaction with transcriptional adaptor zinc finger 2
(TAZ2). Previous reports on Taz2-E1A studies have suggested the formation of helical conformations of E1A-TAD.
However, the folding behavior of the TAD region in isolation has not been studied in detail. Here, we have
elucidated the folding behavior of E1A peptide at varied temperatures and solution conditions. Further, we have
studied the effects of macromolecular crowding on E1A-TAD peptide. Additionally, we have also predicted the
molecular recognition features of E1A using MoRF predictors. The predicted MoRFs are consistent with its
structural transitions observed during TAZ2 interactions for transcriptional regulation in literature. Also, as a
general rule of MoRFs, E1A undergoes helical transitions in alcohol and osmolyte solution. Finally, we studied the
aggregation behavior of E1A, where we observed that the E1A could form amyloid-like aggregates that are
cytotoxic to mammalian cells.
1. Introduction

Intrinsically disordered proteins (IDPs) are abundant in eukaryotic
transcription factors (Wright and Dyson, 2015). IDPs are considered as a
fascinating class of proteins due to their vast range of functions. Some of
the model-disordered proteins are well characterized to analyze their
critical functions in transcriptional regulatory processes such as trans-
activation domains of cMyb and Adenovirus Early region 1A (E1A) (Giri
et al., 2013). The functional advantages of lack of intrinsic structure are
ideally suited for macromolecular interactions and mediate transcrip-
tional regulatory processes. Intrinsically disordered regions (IDRs) are
widely found in interaction hub proteins involved in certain
protein-protein, protein-DNA, and protein-RNA interactions. Most of the
cellular interaction networks are dependent on multiple protein in-
teractions mediated by central hub proteins.

Viruses are considered obligate parasites as they are wholly
dependent on host cell machinery for their survival. For their replica-
tion, viruses often take up the host machinery by molecular in-
teractions. The protein interaction networks of host cells are
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particularly vulnerable to viral hijack. Viruses often target the inter-
action hub proteins to control the cellular network of hosts. Human
adenoviruses (HAdV) are dsDNA viruses and among the important
human pathogens. E1A is considered as a model oncogene. Its encoded
proteins control viral transcription levels in infected cells and repro-
gram the gene expression in cells. E1A encoded proteins are acidic and
contain multiple proline residues in primary sequence, which decrease
the propensity of secondary structure formation (Frisch and Mymryk,
2002). E1A is largely disordered and contains small linear interaction
motifs (SLiM's) (King et al., 2018). It can target multiple host systems
despite its small size. E1A multi-functionality arises from its high
conformational plasticity and its ability to undergo reversible
disorder-to-order transitions. One such transition is the disorder--
to-α-helical conformational change in E1A (53–91 residues; shown in
Fig. 1a) conserved region 1 (TAD) that shows induced folding upon
interactions with TAZ2 domain of CREB binding protein (CBP) (Ferreon
et al., 2009). The TAD sequence of E1A protein is highly conserved
across human adenoviruses. Certain residues like glutamic acid (55th
and 59th), aspartic acid (56th), proline (57th), asparagine (58th),
andi, Himachal Pradesh, 175005, India.
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Fig. 1. (a) Ribbon representation of E1A structure (red) in complex with CREB protein (violet), (b) sequence-based illustration of disorder predisposition in full-length
E1A protein, and (c) E1A-TAD (residues 53–91). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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alanine (61st), valine (62nd), phenylalanine (66th), and leucine (72nd)
are found to be extremely conserved (Avvakumov et al., 2002).

IDPs vary significantly in their conformational transitions due to the
variability in protein sequences and structural propensities. This
conformational freedom has increased the diversity of binding mecha-
nisms of IDPs. Coupled folding and binding process of IDPs to their
binding partners follow two kinds of mechanisms, i.e., conformational
selection and induced-fit mechanism or a combination of both. A report
has suggested that the intrinsic structural propensity of IDPs determines
their binding mechanisms to interacting partners (Arai et al., 2015). IDPs
have distinct binding and foldingmechanisms and do not obey a common
folding pathway.

Helix formation reaction in IDRs is often swift and occurs in micro-
second timescale (Lin et al., 2011). Preformed helix structures can be the
elemental features for binding requirements to interacting partners. A
report has suggested the importance of the preformed helix as a deter-
minant of molecular recognition in IDPs (Ie�smantavi�cius et al., 2014).
Molecular recognition is a primary element of protein interactions. Mo-
lecular Recognition Elements (MoRE) are essential short disorder seg-
ments prone to transition into ordered structure upon interactions with
multiple binding partners. These segments exist in disordered states and
adopt partially or well-defined ordered states on interactions. The
objective of this work is to have implications on the functional properties
of many IDPs in different solvent conditions and crowded milieu. E1A
exemplifies IDPs and is a physiologically relevant model to study the
effects of crowded milieu or solvent conditions on IDRs.

We have investigated the disorder-to-α-helical transition in E1A
peptide to perform the conformational analysis of secondary structure
elements and intermediate structures. These peptide transitions were
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induced by titration of the membrane-mimetic solvent trifluoroethanol
(TFE), hexafluoro-isopropanol (HFIP), and ethanol solutions, and
conformational change was monitored using circular dichroism (CD)
spectroscopy. Many studies provide evidence of co-solvents involved in
various conformational changes with respect to concentration and time
(Kumar et al., 2021a; Kumar et al., 2021b; Kumar et al., 2020;
S€Onnichsen et al., 1992; Xue et al., 2006; Huang and Kim, 2012). Several
alcohols are known to induce secondary structure formation in poly-
peptides. TFE is one among the widely used solvents in folding experi-
ments to investigate solvent-induced structural changes of proteins,
especially α-helix formation (Culik et al., 2014). IDPs are known to have
disordered or unstructured regions in their physiological conditions. So,
it is interesting to check the effect of TFE induced conformational
changes on IDPs. Adenoviral protein E1A is a well-studied IDPs that has
been known to involve in various protein-protein interactions due to
disordered regions present in the native structure state. Therefore, we
have tried to analyze the effects of TFE and co-solvents on the structural
changes of E1A. One of the recent research has also proposed a method
for experimental identification of IDRs that undergo binding induced
disorder-to-helix transition under the effect of TFE (Glover et al., 2016).
The lack of structure provides conformational flexibility to facilitate
multiple protein-protein or protein-nucleic acid interactions (Shoemaker
et al., 2000). Protein-protein interactions play important role in cellular
signaling activities. Various studies have reported the inhibition of
functions of host hub proteins and the introduction of novel connections
within networks (Ahmed et al., 2018; Bojadzic and Buchwald, 2018).
Collectively, we have studied the folding and aggregation behavior of
viral hub protein E1A of adenoviruses.
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2. Materials and methods

2.1. Chemicals

The peptide of early region 1 A (E1A) of Adenoviral oncoprotein
[NH2] MAPEDPNEEAVSQIFPDSVMLAVQEGIDLLTFPPAPGSPE [COOH]
was obtained from Thermo Fisher ScientificTM with more than 97% of
purity. The fluorescent probe Thioflavin T (ThT) and 1-anilinonaptha-
lene-8-sulfonate (bis-ANS) was purchased from Sigma Aldrich (USA).
All other chemicals were of analytical grade. SH-SY5Y human neuro-
blastoma cells was purchased from NCCS Pune.

2.2. Circular dichroism spectroscopy

Far-UV CD spectra were obtained using a MOS-500 spec-
tropolarimeter (Biologic, France) equipped with a thermostatically
controlled cell holder. Spectra were recorded in 0.1 cm quartz cells from
190 to 240 nm using the continuous-scan option (50 nm/min scan
speed), with a step size of 0.5 nm and a bandwidth of 0.5 nm. CD spectra
of the appropriate buffers (buffer baselines) were recorded and sub-
tracted from the protein spectra. For all spectra, an average of 3 scans was
obtained. CD spectra were obtained for 15 μM of 40-aa E1A-TAD peptide
(53–91) in 50 mM Phosphate buffer (pH 7.0) and different concentra-
tions of TFE, HFIP, and ethanol. For aggregation experiments, at desired
time points, 20 μM of the incubated solution was collected and CD
spectra were recorded. The structural changes of the peptide have been
predicted based on its mean residual ellipticity ([θ]222, [θ]198) at 222 nm
and 198 nm respectively. The change in the total helical propensity of the
folding transition state of the TAD region of E1A was analyzed and
calculated using the Dichroweb Analysis program CONTIN (Whitmore
and Wallace, 2004).

2.3. Molecular recognition features (MoRFs) analysis

Molecular recognition features (MoRFs) are short disorder segments
of a protein that undergo a structural transition from disorder to order on
interaction with the target protein. These segments are prone to in-
teractions and play important role in molecular recognition and binding
to interacting partners. MoRFs of the TAD region (53–91) of E1A protein
was analyzed by using computational predictors such as Anchor (Dos-
zt�anyi et al., 2009), MoRFChibiweb (Malhis et al., 2015) and DISOPRED3
(Jones and Cozzetto, 2015).

2.4. Protein structure modeling

Due to the unavailability of the crystal structure of E1A peptide in
isolation, ab-initio modelling of E1A peptide (53–91 residues) was done
using Quark modelling module, an online server provided by Zhang Lab,
which was ranked 1st in CASP9 and CASP10 in free modeling category
(Xu and Zhang, 2012). The server constructs the models using amino
acids sequence in fragments of 1–20 residues by applying
replica-exchange Monte Carlo (RE-MC) simulation.

2.5. Molecular dynamic (MD) simulations

We have performed an explicitly all-atom Molecular dynamic simu-
lation of the modeled peptide using the TIP4P water model at room
temperature (298 K). The forcefield parameterization was done by OPLS-
2005 in Desmond, embedded in Schrodinger suite (Bowers et al., 2006).
The MD simulation procedure was performed in Berendsen thermostat
using an NPT ensemble at a constant pressure throughout the whole
simulation time of 150 ns as per previously published studies (Kumar
et al., 2020, 2021b). We also observed the conformational changes in the
peptide structure with secondary structure analysis and energy change
using Replica Exchange MD (REMD) simulations for 6 replicas
(numbered as 0 to 5) up to 50ns at temperatures ranging from 298 K to
31
363 K. The temperature calculation for six replicas was done by linear
mode of the REMD module in the Desmond simulation package (Kumar
et al., 2020, 2021a). To perform this analysis, we took out the minimum
energy structure (at 105 ns in the trajectory, the frame consisted of the
least energy) from the already simulated peptide trajectory. Further, the
REMD simulations in TIP4P water model was performed and the peptide
structure was observed in simulation for 50ns each in six replicas at
temperatures 298 K, 311 K, 324 K 337 K, 350 K, and 363 K,
simultaneously.

2.6. Preparation of E1A aggregates

The fresh E1A peptide solution was diluted to 2 mg/mL in a 20 mM
phosphate buffer, pH 3. The sample was incubated at 4 �C in a 1.5 mL
reaction tube on a thermomixer (1000 rpm). The E1A aggregates for-
mation was then monitored by measuring ThT fluorescence intensity of
incubated sample.

2.7. Thioflavin T (ThT) binding and kinetics assay

Thioflavin T (ThT) dye binds strongly with amyloids and gives strong
fluorescence is used regularly for the detection of in-vitro amyloid fibril
formation (C et al., 2017; Biancalana and Koide, 2010). The ThT assay
was performed as described previously (Gadhave and Giri, 2020; Gad-
have et al., 2021; Saumya et al., 2021). Briefly, the E1A aggregated
peptide (25 μM) was mixed with 20 μM Thioflavin T dye and incubated
for 10 min in dark. ThT fluorescence spectra were recorded at 450 nm
excitation wavelength and emission wavelength range from 484 nm to
700 nm. For ThT kinetics, at desired time points, 25 μM of the incubated
E1A sample was taken out and mixed with 20 μM ThT and ThT fluo-
rescence was measured at 450 nm excitation and 490 nm emission
wavelength. The measurements were made on a TECAN Pro 200
microplate reader in black 96 well plate with clear bottom. The solution
containing ThT only without E1A protein was used as control. All the
measurements were performed in triplicate.

2.8. Bis-ANS binding assay

The ability of aggregated E1A peptide to bind with bis-ANS dye was
measured as described previously (Gadhave and Giri, 2020). The E1A
aggregated sample was collected (25 μM) and mixed with the bis-ANS
(50 μM), and incubated for 10 min in the dark. Further, bis-ANS fluo-
rescence spectra were recorded at 380 nm excitation wavelength and
emission scan from 414 nm to 650 nm. The solution containing bis-ANS
only was used as a control. All the measurements were performed in
triplicates.

2.9. High-resolution transmission electron microscopy (HR-TEM)

The aggregated sample of E1A peptide (7 μl) was drop-casted on 200
mesh formvar-coated copper grids and negatively stained by 3%
ammonium molybdate. Further, drop-casted samples were air-dried
overnight and observed in HR-TEM (HR-TEM) (FP 5022/22-Tecnai G2
20 S-TWIN, FEI) operating at an accelerating voltage of 200 kV.

2.10. Cell viability assay

Human SH-SY5Y neuroblastoma cells were maintained in 25 cm2 T-
flasks (Thermo scientific) in 1:1 Ham's F-12: Dulbecco's modified eagle
medium (DMEM), supplemented with 10% (vol/vol) FBS and 1%
penicillin-streptomycin with 5% CO2 humidified atmosphere at 37 �C.
The MTT reduction assays to assess the effect of E1A aggregates on cell
viability. The cells were plated in 96 well plates with approximately
3000 cells/well and allowed to adhere for 24 h in the CO2 incubator. The
E1A aggregates were centrifuged, and pellets were resuspended in PBS
solution and washed three times. Further, the pellets obtained in PBS
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were resuspended in DMEM media (1% FBS) to get the required con-
centrations. Then cells were treated with E1A aggregates at different
concentrations and incubated for 72 h. Finally, 10 μl of 3- (4, 5-dime-
thylthiazol-2-yl)-2, 5- diphenyltetrazolium bromide (MTT) was added
to each well, incubated for 3 h, 100 μl of DMSO added, and the absor-
bance was recorded using TECAN infinite M200 pro at 570 nm. The cells
that were not treated with E1A aggregates were considered as control. All
the measurements were performed in triplicates. Error bars in the plots
represent standard deviation (SD).

3. Results and discussion

3.1. Results

We have also investigated the disorder propensity using the primary
structure of full-length E1A protein as well as TAZ2 binding conserved
region 1 (TAD) of E1A protein where more than 68% in full-length E1A
and 80% of region have been observed to be disordered (Fig. 1b & c).
Further, we have used this region to study the properties of disordered
peptides in different solution environments. Results have suggested the
importance of structural transitions of small IDRs in dysfunctional in-
teractions and in the origin of new interactions that fold by being primed
by their physiological partners.

3.2. CD spectra analysis of TAD of E1A (53–91 residues)

Previous studies have reported the gain of structure in TAD (53–91)
region of E1A oncoprotein in the presence of Taz2 (De Guzman et al.,
Fig. 2. Circular Dichroism spectra analysis of intrinsically disordered protein, Adeno
mM Phosphate buffer, pH 7.0 at 25 �C. (b) Far UV-CD spectra analysis represents th
from 5 �C to 90 �C. (c) Far UV-CD spectra analysis at 198 nm (black) and 222 nm (red
(For interpretation of the references to color in this figure legend, the reader is refe
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2000). However, there is no structural information available for partic-
ularly independent E1A peptide (53–91). We have examined the struc-
ture of the E1A peptide using CD spectroscopy and found it to be
disordered, as shown in Fig. 2a. Further, temperature-induced structural
changes are well-known in IDPs, and these changes are termed the
contraction of the structure due to rising temperatures. Therefore, the
temperature-induced folding in the E1A peptide was observed and found
to be gradually contracting at increasing temperatures (Fig. 2b). The
structural transitions are shown in Fig. 2c where the plot shows a change
in ellipticity at 198 nm and 222 nm with rising temperature. The spectral
changes suggest the induction of residual structural transitions in TAD
region with increasing temperature.
3.3. Analysis of induced secondary structure transition from the coil to
α-helix

Further to understand the extent of helical transitions in TAD region,
the peptide was subjected to alcohol/fluorinated alcohols and aqueous
mixtures. It is very well established that the presence of alcohol in the
surrounding environment alters the secondary structures and functions of
proteins in a concentration-dependent manner (Huang and Kim, 2012;
Gopinath et al., 2014). For an instance, TFE is a well-known helix
inducer. It weakens the hydrogen bonds of CO and NH (protein back-
bone) with surrounding water and also stabilizes the intrachain hydrogen
bonds (Luo and Baldwin, 1997). Here, we have examined the spectral
changes in peptide in the presence of different concentrations of Ethanol,
TFE, and HFIP.

As shown in Fig. 3a & b, upon increasing ethanol concentration, the
viral oncoprotein early region (E1A). (a) Far UV-CD spectra of E1A protein in 50
e change in the secondary structure of E1A protein with increasing temperature
) represents the structural transition of E1A protein with increasing temperature.
rred to the Web version of this article.)



Fig. 3. Effect of alcohols on secondary structure transition of TAD region (53–91) of E1A. (a) Far UV CD spectra of E1A-TAD region (53–91) represent the induced gain
of α-helix in presence of Ethanol solution from 0% to 80% at an interval of 10% each. (b) Far UV-CD spectra analysis at 198 nm (black) and 222 nm (red) represents the
disorder to helix transition of E1A protein in presence of 80% Ethanol solution. (c) Induction of helicity in presence of Ethanol has been calculated using the
Dichroweb Analysis program (Contin). The changes in the percent secondary structure elements are plotted against increasing concentration of Ethanol (0–80%). (d)
Far UV-CD spectra of E1A protein represent the induced gain of α-helix in presence of Trifluoroethanol solution from 0% to 90% in 50 mM Phosphate buffer, pH 7.0 at
25 �C. (e) Far UV-CD spectra analysis at 198 nm and 222 nm represents the disorder to helix transition of E1A protein in presence of 90% TFE solution. (f) The changes
in the secondary structure elements percentage are plotted against increasing concentration of TFE (0–90%). (g) Far UV-CD spectra of E1A protein represent the
induced gain of α-helix in presence of HFIP solution from 0% to 90% in 50 mM Phosphate buffer, pH 7.0 at 25 �C. (h) Far UV-CD spectra analysis at 198 nm and 222
nm represents the disorder to helix transition of E1A protein in presence of 90% HFIP solution. (i) The changes in the secondary structure elements percentage are
plotted against increasing concentration of HFIP (0–90%). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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disordered nature of E1A peptide is disturbed. At a maximum concen-
tration of 80% Ethanol, the peptide gains an alpha-helical structure with
comparatively higher negative ellipticity up to -13 deg cm2 dmol-1

showing two hallmark peaks of helical structure at 208 and 222 nm of CD
spectra. As calculated using the Dichroweb server, the induction of he-
lical structure has been increased on rising ethanol concentration. The
E1A peptide shows 50% of helical and 50% random coil (Fig. 3c).

TFE has been widely used in folding experiments to investigate
solvent-induced structural changes of proteins (S€Onnichsen et al., 1992;
Culik et al., 2014). The experiments have been performed using CD
spectroscopy to monitor changes in the secondary structures of proteins.
The peptide fractional helicity (fH) is estimated based on its mean res-
idue ellipticity at 222 nm. The spectra were measured to determine the
distribution of gain in secondary structure in E1A peptide. CD spectra of
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E1A peptide in 50 mM Phosphate buffer and different concentrations of
TFE are plotted in Fig. 3d & e that show a gradual shift in wavelength
from 198 nm to 208 nm and 222 nm upon increasing TFE concentration,
indicating a change in peptide structure from disorder to helical
conformation. The change in percent secondary structure elements is
plotted against TFE concentration and is represented graphically in
Fig. 3f.

Similarly, the use of HFIP has been doing for a long time as a stabi-
lizing solvent of secondary structures of peptides. HFIP interacts with the
hydrophobic surface of the structured region (i.e., helix and sheet re-
gions) by mimicking the folded protein environment (Colomer et al.,
2017). In Fig. 3g, it is clearly shown that after 5%HFIP concentration, the
disordered peak is not visible, and two signature peaks of helical
conformation at 208 nm and 222 nm are observed. The disorder-to-order
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transition can be seen till further increasing concentration of HFIP
depicting stabilized secondary structure in the presence of HFIP mole-
cules (Fig. 3h & i).

A commonly used lipid membrane mimicking agent, Sodium Dodecyl
Sulfate (SDS), was chosen to examine the structural changes of E1A
peptide. Fig. 4a & b shows a minimal shift in far-UV CD spectra from 198
nm to 205 nm with very few changes in their negative ellipticity. These
changes can be interpreted as more minor or no significant changes in the
structure from its disordered conformation in the presence of SDS.
Fig. 4. Effects of SDS on secondary structure transition of TAD region (53–91) of E1
Spectra analysis at 198 nm and 222 nm represents the effects of increasing SDS conce
Ficoll (0–40%) and (d) Spectra analysis at 198 nm and 222 nm represent the effects of
increasing concentration of PEG (0–90%) and (f) Spectra analysis at 198 nm and
Polyethylene Glycol (PEG).
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3.4. Molecular crowding effects on isolated intrinsically disordered regions
(IDRs)

The well-known concept about the interior of a cell is the restriction
of accessible volume to proteins due to the presence of other macro-
molecules. The higher concentration of various other molecules in-vivo
affects the structural transitions of different proteins. The presence of
disordered regions in intrinsically disordered proteins provides structural
flexibility in cellular environments. Ficoll (Fig. 4c & d) and PEG (Fig. 4e
& f) are widely used inert molecular crowders for mimicking the internal
A. (a) Far UV-CD spectra of E1A peptide in different concentrations of SDS. (b)
ntration. (c) Far UV-CD spectra of E1A (53–91) with increasing concentration of
increasing concentration of Ficoll 70. (e) Far UV-CD spectra of E1A (53–91) with
222 nm represents the effects of increasing concentration of crowding agent
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cellular environment (Biswas et al., 2018; Kuznetsova et al., 2014). In
either of the crowders, no significant changes were observed in the sec-
ondary structure of the E1A peptide.
3.5. Prediction of alpha-helix forming molecular recognition elements
(MoREs) of E1A peptide

Several studies have revealed the role of disorder to order transitioning
regions in molecular recognition and protein-protein interactions. Using
online predictor tools, we have analyzed the sequence-based MoRF pre-
diction of E1A peptide to confirm the possible peptide regions undergoing
secondary structure transition in presence of different binding partners
(Fig. 5). We have utilized ANCHOR, MoRFChibiweb (MCW), and DIS-
OPRED3 to predict the MoRF regions of the E1A peptide. Except the
DISOPRED3, which has shown only two short regions of three residues
each at both terminals, the MCW and ANCHOR have predicted nearly
entire peptide region to be MoRFs. Previously, a MoRF region of seven
residues (66–72) have been aligned to HAdV-12 and transcription factors
like p53, E2F1, etc. where residues 66th, 68th, and 72nd are found to be
conserved among them (Pelka et al., 2008). Therefore, these residues could
be involved in helical structural transitions.
3.6. Molecular dynamic simulations

As the structure of the E1A peptide was not available in the PDB in
isolation, consequently, the structure was modeled using the ab-initio
approach using the Quark webserver of Zhang lab. In our modeled
structure, there are two alpha-helical regions towards N-terminal region.
However, the available structure of E1A-TAD bound with CREB binding
protein shows only a short helical region and remaining as disordered.
Therefore, we have performed the MD simulations of E1A-TAD in
isolation which has demonstrated the extreme dynamicity of peptide. In
this view, the modeled structure was refined in the water solvent system
for the 150 ns. The modeled structure of E1A peptide consisted of resi-
dues with helical regions, which were not observed after 150ns of
simulation. This showed that the peptide is unstructured or disordered in
isolation. Based on the energy of 1500 frames from the 150 ns long
trajectory, the highest negative energy clustered structures were found at
105 ns. Therefore, a frame at 105 ns with minimized energy was taken
Fig. 5. MoRFs Analysis of TAD region (53–91) of E1A protein using three different p
structure formation propensity of IDR regions.
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out for further REMD simulations studies.
To further gain the structural conformational insight through

breaking the energy barrier at a constant temperature, we performed
REMD simulations at six different temperatures, 298 K (25 �C), 311 K (38
�C), 324 K (51 �C), 337 K (64 �C), 350 K (77 �C), and 363 K (90 �C). For
this purpose, we have chosen the disordered conformation of the peptide,
obtained at 105 ns, as its initial conformation and to be swapped between
all these replicas at selected temperatures. As observed in Fig. 6a, the
helical strength of the peptide was appeared at 337 K (64 �C) and 350 K
(77 �C) and but not at subsequent rising temperatures (363 K or 90 �C),
showing the reversible unfolding at extremely high temperature.

As the fluctuation during simulations remains high at the disordered
or loop region and low at the ordered (helix and strand) part, likewise the
Root Mean Square Fluctuations (RMSF) plots in Fig. 6b show high fluc-
tuations at N-terminal regions of the E1A peptide at all temperatures
throughout the simulation as it does not possess any structural confor-
mation while the C terminal region exhibit lower fluctuations due to its
helical composition at some temperatures. The RMSF distance of the N-
terminal residues was observed as high as 4.5 Å, 2.0 Å, 3.9 Å, 3.8 Å, 4.5 Å,
and 5.2 Å for replicas 0 to 5, respectively. Similarly, the Root Mean
Square Distance (RMSD) and Radius of gyration (Rg) trends in Fig. 6c and
d were also in a similar pattern and show fluctuations at low temperature
and gain the highest fluctuation at the highest temperature (363 K).

The embedded table in Fig. 6e shows that the helical composition of
the peptide varied at different temperatures. At some temperatures, the
peptide regions gain beta-sheet conformations (not visible in last frame
snapshots). The helix composition of the peptide is high as the temper-
ature rises, but at extremely high temperatures (90 �C), the helical for-
mation was decreased. The highest 11.27% composition of total
secondary structure element containing helix and beta sheets structure in
E1A peptide was recorded at 337 K temperature between residues 10–13
and 20–24. Next, the timeline representation and average secondary
structure element of residues are shown in Fig. 7 for each replica.
3.7. Aggregation of E1A-TAD peptide

The association of adenoviruses with central nervous system-related
diseases is reported (Kim et al., 2004; Schwartz et al., 2019). Several
other neurological diseases are linked with misfolding or aggregation of
redictors, like MoRFChibiWeb, ANCHOR, and DISOPRED3 to predict secondary



Fig. 6. Replica Exchange MD simulations of E1A-TAD peptide: (a.) Structure snapshots of modeled structure (Quark server) and at 105ns obtained through initial MD
simulation of E1A peptide model and the initial frame for REMD. Last frame snapshots at 50ns from all replicas (from 0 to 5) are shown with the highlighted helical
region in orange (in replica 3 and 4). (b.) Root mean square fluctuation (RMSF), (c.) Root mean square deviation (RMSD), (d.) The radius of gyration (Rg) of all
replicas. (e.) The overall percentage of secondary structure elements in the trajectory of each replica is shown in the table. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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proteins such as amyloid-beta, tau, alpha-synuclein, etc. (Ashraf et al.,
2014). Additionally, the aggregation of IDPs has been seen in many viral
systems, which could also be a reason for pathogenesis. Henceforth, we
have investigated the aggregation potential of E1A peptide using
different dye-based fluorescence assays, CD spectroscopy, and trans-
mission electron microscopy. In Fig. 8a, we have shown the Thioflavin T
(ThT) based fluorescence of aggregated E1A peptide sample compared to
ThT control at 490 nm. The aggregation reaction has shown a nearly
thirteen-fold increase in fluorescence intensity depicting aggressive ag-
gregation of E1A peptide. According to the ThT dye-based kinetics
mapping, the aggregation of E1A peptide followed nucleation-dependent
kinetics. Fig. 8b shows that the lag phase continues till ~15 h, and then
the growth phase of peptide aggregation lasts up to 50 h, followed by a
saturation phase.

Further, the changes in conformation were also observed using non-
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covalent, Bis-ANS dye-based fluorescence assays. The binding of ANS
with aggregated E1A peptide shows a blue shift of 35 nm compared to
ANS only (Fig. 8c). Moreover, these structural changes were also
confirmed by recording far-UV CD spectra of aggregated samples at
different times. As seen in Fig. 8d, an apparent shift was observed from
198 nm to ~212 nm after 24 h, and after 196 h the shift was gradually
shifted towards 216 nm, which represents the peptide has been gaining
β-sheet conformation after constant stirring. Additionally, the aggregated
sample of E1A peptide was prepared for visualization through trans-
mission electron microscopy. A dense cluster of fibrils was visualized,
which confirms the formation of aggregates of E1A peptide (Fig. 8e).
Lastly, the cytotoxicity of these formed aggregates was examined on SH-
SY5Y, a neuroblastoma cell line, using an MTT assay. The SH-SY5Y cells
were treated with E1Amonomers and aggregates (196 h). The aggregates
showed a consistent decline in cell viability upon increasing



Fig. 7. Percentage and per-residue secondary structure elements (SSE) formation through the timeline representations for 50ns simulation of E1A-TAD peptide at
different temperatures in REMD simulations. The red colored regions highlight the presence of alpha-helical propensity while the blue colored region shows the beta-
strands formation capability by the residues of the peptide at particular temperature. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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concentration. Upon adding 50 μM of aggregated E1A, the cell viability
was reduced to 50% compared to control (Fig. 8f). The mechanism of
E1A-TAD aggregates mediated cell toxicity is needs to be done in the
future. It also needs to determine how aggregates interacts with cell
membrane and whether it enter inside the cells or remain outside in the
extracellular space. Our data suggest that the E1A aggregates are more
cytotoxic than the monomers. Overall, our observations produce suffi-
cient evidence for proving the aggregation of E1A-TAD and its cytotox-
icity to mammalian cells.

4. Discussion

The abundance of IDPs in the viral proteome has led viral proteins to
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function as intrinsically disordered molecular hub proteins and mimic
eukaryotic IDPs' functions in cellular networks (Tompa, 2012; Uversky,
2018; Camilloni et al., 2016). Due to the presence of IDRs, viral proteins
are commonly adapted in binding to diverse cellular proteins and are
involved in hacking the signaling pathways. IDPs are involved in a wide
range of regulatory functions in the cellular environment (Uversky, 2018;
Kulkarni and Uversky, 2019). The presence of structural flexibility allows
them to attain different conformations in different environmental con-
ditions. The interactions of disordered proteins involved in transcrip-
tional regulation have critically enhanced the information about the
expression profiling of the eukaryotic cells (Uversky, 2018; Monti et al.,
2021; Uversky et al., 2008). In general, structural transitions in IDPs are
challenging to identify and poorly understood. Various interdisciplinary



Fig. 8. Aggregation of E1A-TAD peptide. (a) Thio-
flavin T Assay for E1A-TAD Aggregates. ThT fluores-
cence spectra were recorded at 450 nm excitation
wavelength and emission scan from 484 nm to 700
nm. (b) ThT fluorescence kinetics. ThT fluorescence
intensity was measured at 450 nm excitation and 490
nm emission wavelength. (c) ANS binding assay for
E1A-TAD Aggregates. ANS fluorescence spectra were
recorded at 380 nm excitation and 480 nm emission
wavelength. (d) CD Spectra for E1A-TAD aggregation
samples were recorded in 1 mm quartz cuvette at
different time intervals with the peptide concentration
of 20 μM. (e) TEM image for E1A-TAD Aggregates. (f)
Cell viability Assay for E1A-TAD monomers (red) and
Aggregates (blue). SH-SY5Y cells were treated with
E1A-TAD monomers and aggregates and cell viability
was measured using an MTT reduction assay. The cells
treated with PBS were considered as control. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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approaches have been developed in the last decade to study IDPs struc-
tural and dynamical properties and complexes. What signifies the
protein-protein interactions involving IDPs can be answered following
the prediction of intrinsic structural propensities of IDPs in solution
conditions.

E1A has been involved in various protein-protein interactions due to
disordered regions present in the native structure state. Additionally, the
TAD region of E1A is studied in the presence of CREB-binding protein
where it has also shown majorly disordered region and a small helical
region (Ferreon et al., 2009). In this work, we have first calculated the
propensity of disorderedness in the E1A protein and its TAD region which
suggest them to be highly disordered. Following this, we have experi-
mentally and computationally investigated the folding of TAD region of
E1A that are likely to undergo helical transitions upon binding by
studying the behavior of peptides in different temperatures, solvent
mixture, and macromolecular crowding conditions. Further, we have
validated our results by analyzing MoRF regions using MoRF predictors
(Table 1) and MD simulations. We have shed light on the folding of E1A
peptide in a water mixture with different organic solvents like ethanol,
TFE, and HFIP. We have also revealed the folding behavior and confor-
mational transitions of E1A in different macromolecular crowding con-
centrations using CD spectroscopy. MD simulations data of modeled
peptide and its REMD simulation analysis supports our experimental
observations. Overall, the sequence-based disorder prediction shows
high disorder and the E1A-TAD peptide has maintained its structural
disorder in most of the condition that we studied. However, in the
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presence of alcohols such as Ethanol, TFE, and HFIP, the peptide has
shown a tendency to gain ordered conformation. Our study has provided
the implications of secondary structure elements formation of E1A using
experimental and computational analysis.

Protein folding to aggregation is linked with various disease condi-
tions. It has been reported that protein aggregation occurs by changing its
structural conformations. Reports suggest that protein aggregation is
determined by partially folded intermediates at the early stage in the
folding process (Broglia et al., 1998). Moreover, the toxic effects of
protein aggregates result from common structural features (Stefani,
2004). In amyloid diseases, specific polypeptide chain loses, or is unable
to get its native, closely packed three-dimensional structure, leads to
partially folded, unfolded, or non-correctly folded states in equilibrium to
each other the content of beta sheet structure is generally increased
(Stefani, 2004). In this study, the aggregates formed by E1A may have an
important role in the pathogenesis of adenoviral infection that needs to
be elucidated by further experiments.

Protein-protein interactions are highly dependent on molecular de-
terminants of recognition and characteristics of interfaces. Various as-
pects of interactions include residual propensities, pairing preferences,
shape, size, hydrophobicity, and solvent accessibility. Previous studies
have reported the presence of higher proline content in MoREs. This has
shed light on the importance of the presence of Proline residues. Reports
suggest that IDPs do not obey a generalized mechanism for coupled
folding and binding (Arai et al., 2015). The interactions or binding of
IDPs to their binding partners can proceed through various mechanisms
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based on their conformational propensities in different environments. It
does not depend solely on the specific conformations of IDPs but also
varies with the conformational dynamics of their binding partners.
Therefore, it can be concluded from the data presented that the binding
of IDPs to their target proteins can occur through a variety of mechanisms
and depends on the selection from a conformational ensemble of IDPs
and the dynamics of its target protein.
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