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ARTICLE INFO ABSTRACT

Keywords: Lipid droplets (LDs) serve as crucial organelles for lipid storage and metabolism, with their proteome signifi-

Perilipin-1 cantly influencing their regulation. Perilipins (PLINs), in particular PLIN1, play vital role in LD metabolism by

f.LINll . orchestrating lipolysis. The C-terminal end of PLIN1 regulates lipolysis through interactions with coactivators
ipolysis

such as the CGI-58 protein. Despite its importance, the structural characterization of this domain remains
limited. Here, we present a comprehensive bioinformatic and biophysical analysis of the C-terminal end of mouse
PLIN1 (mPLIN1C). Our findings suggest that mPLIN1C behaves as an intrinsically disordered region (IDR),
exhibiting context-dependent properties of the coil-like or pre-molten globule type. Structural analysis reveals a
predominance of disordered secondary structure, with circular dichroism spectroscopy indicating a high coil
content. Interaction studies with SDS micelles suggest a conformational transition towards a pre-molten globule
state. Furthermore, the analysis of molecular recognition features (MoRFs) identifies the EPESE sequence
spanning residues 413-417 as a potential binding site for partner molecules. Overall, our findings shed light on
the structural properties and potential interaction mechanisms of mPLIN1C, providing insight into its functional

C-terminal end
Lipid droplets
Intrinsically disordered protein

role in LD metabolism.

1. Introduction

Lipid droplets (LDs) are ubiquitous organelles that store and supply
lipids for energy metabolism, membrane synthesis and the production of
lipid-derived signaling molecules [1]. While it is known that differences
in the composition of the phospholipid monolayer or the neutral lipid
core of LDs affect their metabolism and function, it is the proteome of
these droplets that has emerged as a significant influencer in all aspects
of LD biology [2]. Perilipins (PLINs) are a family of proteins that play a
crucial role in lipid droplet metabolism and energy homeostasis. They
are located on the surface of lipid droplets and act as scaffolds for other
proteins, e.g. facilitating access for lipases, thus orchestrating lipolysis
[3]. The perilipin family of proteins comprises several members that
have been identified in human and mouse tissues, including perilipin 1
(PLIN1), perilipin 2 (PLIN2, also known as adipophilin or adipose
differentiation-related protein), perilipin 3 (PLIN3, also known as
TIP47), perilipin 4 (PLIN4), and perilipin 5 (PLIN5) [4]. The perilipin
family was first defined based on their homology in the N-terminal PAT

domain, which is present only in PLIN1, -2, -3 and -5 [5]. The PAT
domain is followed by a region of 11-mer repeats of variable length,
which is predicted to form amphipathic helices and is present in all five
perilipins (PLIN1-5) [6]. Furthermore, it has been proposed that the
carboxyl-terminal region of this family of proteins, contains a 4-helix
bundle domain, which was initially identified in PLIN3 [7-9].

Among perilipins, PLIN1 is the most well-characterized protein. It
plays a crucial role in the regulation of lipolysis and lipid metabolism.
The protein is highly expressed in white adipocytes, where it increases
triglyceride synthesis and promotes the formation of large LDs [10]. In
comparison to the other PLINs, the C-terminal end of PLIN1 is distinc-
tive, allowing it to regulate lipolysis. In the basal or fed state, the
C-terminal end of PLIN1 sequesters the comparative gene identification
58 protein (CGI-58), an essential coactivator of adipose triglyceride
lipase (ATGL), thereby preventing the activation of lipolysis. The release
of CGI-58 is achieved through the phosphorylation of two serine resi-
dues located in the C-terminal region of PLIN1 (S492 and S517 of the
mouse sequence), which is mediated by protein kinase A (PKA) in
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response to a p-adrenergic stimulus [11,12]. Once released, CGI-58 in-
teracts with and activates ATGL, thereby initiating the hydrolysis of
triglycerides stored in LDs [13]. It has been proposed that the region of
interaction with CGI-58 spans residues 361 to 419 of PLIN1. This region
is partially encoded in the unique C-terminal E9 exon of PLIN1, which
initiates at residue 404. Therefore, this region differs significantly from
other perilipins [13].

Lipolysis is a highly regulated process, in which PLIN1 has an
important role to play, as patients with loss-of-function mutations in this
protein have been found to exhibit elevated lipolysis, the metabolic
consequences of which include partial lipodystrophy, severe insulin
resistance, diabetes, dyslipidemia, and non-alcoholic fatty liver disease
[14]. In a different context, it has been found that the expression of
PLIN1 is significantly reduced in breast cancer samples, suggesting its
potential as a disease marker. Diminished PLIN1 expression is particu-
larly common in advanced tumors, and studies have demonstrated its
ability to impede breast cancer cell proliferation, migration, and inva-
sion [15]. Interestingly, PLIN1 haploinsufficiency has been linked to a
favorable metabolic profile, including a reduction in the risk of cardio-
vascular disease, lower blood pressure, and a lower diagnosis of hy-
pertension [16].

The structural characterization of full-length perilipins has not yet
been achieved, largely due to the inherent challenges associated with
the study of multi-domain peripheral membrane proteins. Furthermore,
the currently available information on these proteins is largely limited to
their individual domains. With regard to the C-terminal end of PLIN1,
which plays a central role in the regulation of lipolysis, it has only been
mentioned that it lacks a secondary structure. Many proteins, or regions
within proteins, do not adopt stable secondary or tertiary structure
under physiological conditions [17]. These intrinsically disordered
proteins (IDPs) and intrinsically disordered regions (IDRs) exhibit
remarkable functional versatility by mediating dynamic interactions
with multiple binding partners [18]. They play crucial roles in regula-
tion, signaling, and other cellular processes through high-specificity,
low-affinity interactions that facilitate rapid assembly and disassembly
of complexes. Moreover, their functions are frequently modulated by
alternative splicing and post-translational modifications [19]. Although
the involvement of IDPs/IDRs in lipid metabolism remains an area of
active investigation [20], these regions are also implicated in processes
such as signal transduction and transcriptional regulation [21,22]. Their
inherent structural flexibility enables disorder-to-order transitions upon
binding to targets, thereby integrating into complex regulatory net-
works. In this study, we present a bioinformatic and biophysical char-
acterization of the C-terminal domain of the mouse PLIN1 protein. The
results indicate that this domain behaves as an IDR of the coil-like type
in solution, while in a lipid interaction model it adopts a pre-molten
globule (PMG-like) conformation.

2. Materials and methods
2.1. Computational characterization of mPLIN1C

The amino acid sequence of mouse (NP_783571.2) and human
(NP_001138783.1) PLIN1 protein, consisting of 517 and 522 residues
respectively, were used for in silico analyses. The prediction profile of
intrinsic disorder was generated using the VSL2 algorithm [23] as well
as the hydrophobicity-hydrophilicity analyses [24,25], both available at
http://www.pondr.com/. The charge-hydropathy analysis was con-
ducted in accordance with the following procedure. For each protein
sequence, the mean hydrophobicity was calculated using the
Kyte-Doolittle scale by summing the hydrophobicity values of the indi-
vidual amino acids and dividing by the total number of residues. The net
charge per residue was calculated at pH 7.0 by adding the contributions
of the ionizable residues based on their standard pKa values and then
normalized by the length of the sequence. Subsequently, the average
hydrophobicity (x axis) and the net charge (y axis) were plotted, and the
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boundary between ordered and disordered proteins was defined as
recommended by Uversky et al. (Uversky, Gillespie & Fink, 2000).
Amino acid composition was determined using Composition Profiler,
available at http://www.cprofiler.org [26]. Secondary structure pre-
diction was performed using Fast Estimator of Latent Local Structure
(FELLS) (http://old.protein.bio.unipd.it/fells/) [27]. Molecular recog-
nition features (MoRFs) prediction was carried out using the MoRFpred
platform [28] (http://biomine.cs.vcu.edu/servers/MoRFpred/) and
ANCHOR [29] (https://iupred2a.elte.hu/). The distribution of charged
amino acids at the C-terminal end was calculated with the x parameter
using CIDER (https://pappulab.wustl.edu/CIDERinfo.html) [30].

2.2. Expression and purification of mPLIN1C

The ¢cDNA encoding residues 406-517 of the mouse PLIN1 protein
(mPLIN1C) was cloned between the Ndel and Sall restriction sites of the
PET28 expression vector; this construct was designated pET28_m-
PLIN1C. The construct was transformed into competent cells of Escher-
ichia coli BL21 (DE3) strain. The cells were grown at 37 °C until they
reached an optical density at 600 nm of 0.6, at which point isopropyl-
B-p-1-thiogalactopyranoside (IPTG) was added to a final concentration
of 1 mM. The cells were then cultivated at the same temperature for an
additional 4 h. The cells were harvested and resuspended in lysis buffer
[50 mM Tris pH 8.0, 300 mM NacCl, 2 mM p-mercaptoethanol, and 10
mM imidazole] and sonicated on ice, followed by centrifugation at
12,000 rpm at 4 °C for 15 min. The supernatant of the lysed cells was
loaded onto a column of Ni-NTA resin (Qiagen), which had been pre-
viously equilibrated with lysis buffer. The unbound protein fraction was
washed with three column volumes of lysis buffer. A stepwise elution
with imidazole (50, 250, and 500 mM) prepared in lysis buffer was
applied to release the bound protein. Fractions containing the recom-
binant protein were collected and desalted in buffer A [50 mM HEPES
pH 7.0, 300 mM NaCl, 2 mM p-mercaptoethanol, and 0.5 mM EDTA],
then injected onto a Hitrap S HP column (GE Healthcare) that had been
equilibrated with the same buffer. The protein was eluted by increasing
the ionic strength with a linear gradient from 0.3 to 1 M NaCl with buffer
B [50 mM HEPES pH 7.0, 300 mM NacCl, 2 mM f-mercaptoethanol, 0.5
mM EDTA, and 1 M NaCl]. The volume of the gradient was 75 mL. The
protein concentration was measured at 205 nm (Agps) [31] using the
calculated molar extinction coefficient E3gs”® = 30.79 [32].

2.3. Analytical size-exclusion chromatography (SEC)

A purified sample of 100 pL of mPLIN1C at a concentration of 1 mg/
mL was injected into a Superdex 75 10/300 GL column (GE Healthcare)
equilibrated with SEC buffer [20 mM Tris-HCl pH 8.0, 150 mM NacCl,
and 1 mM f-mercaptoethanol] at a flow rate of 0.5 mL/min at room
temperature. The column was calibrated using the following standard
proteins: ovalbumin (44 kDa), myoglobin (17 kDa), insulin (5.8 kDa),
and vitamin B12 (1.35 kDa). The Stokes radii (Rg) of the standard pro-
teins were calculated according to equation (1) [33].

log(R;) = — (0.204 4 0.023) + (0.357 £ 0.005)log(MW) 1

The total volume of the column (VT) was 24 mL, and the void volume
of the column (VO0) of 8.2 mL was determined using thyroglobulin. The
elution volume (VE) of each standard protein was used to calculate the
gel phase distribution coefficients (Kay factors) according to equation
(2) [34].

Kav=5—"++ (2)

2.4. Dynamic light scattering (DLS)

DLS experiments were conducted using a Zetasizer APS2000 in-
strument (Malvern Instruments) at 25 °C. The hydrodynamic radius (Ry)
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of mPLIN1C was estimated at a concentration of 1 mg/mL in CD buffer
[20 mM sodium phosphate pH 7.4 and 20 mM NaCl]. Protein denatur-
ation was achieved by incubating it with increasing concentrations of
urea overnight at room temperature. The R, was measured for each urea
concentration until complete protein unfolding was achieved. To
determine the critical micelle concentration (CMC) of sodium dodecyl
sulfate (SDS), the intensity of scattered light was measured in kilo counts
per second (keps) as a function of increasing SDS concentrations (0-5
mM) in CD buffer. The CMC value is determined by identifying the point
of intersection between the line fitted to the data in the absence of mi-
celles and the line of the data with micelles. The experiments were
conducted in triplicate.

2.5. Circular dichroism spectroscopy (CD)

CD measurements were performed using a JASCO J-815 spec-
tropolarimeter (Jasco Inc., Easton, MD) equipped with a Peltier tem-
perature control system. The CD spectrum of mPLIN1C was recorded in
the absence and presence of increasing concentrations of SDS (1-20
mM) over a wavelength range of 200-250 nm. To study protein
unfolding, measurements were taken at a fixed wavelength of 222 nm
over a temperature range of 20-90 °C. Ellipticity is reported as the mean
ellipticity per residue [0]. All samples were prepared at a protein con-
centration of 6 pM in CD buffer.

IDR IDR |
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2.6. Differential scanning fluorimetry

The thermal stability of the protein was evaluated using a differential
scanning fluorimetry (DSF) assay as previously described [35]. Samples
were prepared at a final protein concentration of 0.5 mg/mL in 40 pL of
a solution containing 50 mM HEPES pH 7.0, 0.1 mM EDTA, 5 mM
p-mercaptoethanol, 450 mM NaCl, and 5X Sypro Orange (Invitrogen).
Thermal denaturation of the protein was performed in a 7500 Fast
RT-PCR instrument (Applied Biosystems) with a temperature gradient
from 25 to 75 °C with 1 °C increments and 30 s incubation at each point.
The excitation wavelength was 455-485 nm and the emission wave-
length was 567-596 nm. Fluorescence readings from samples with
protein were corrected by subtracting the signal from samples without
protein. The melting curve was obtained by plotting the fluorescence
intensities as a function of temperature. The data were fitted to the
Boltzmann equation to calculate the thermal denaturation midpoint
(Tp) according to Lee et al. [36].

3. Results and discussion
3.1. In silico analysis suggests the disordered nature of mPLINIC

To date, there is little information on the PLIN protein family in the
context of structural disorder. Among the early reports predicting the
presence of intrinsic disorder, PLIN2 from the Pekin duck (Anas pla-
tyrhynchos) stands out, indicating that this protein has a short disordered
region of 15 residues in its C-terminal domain [37]. Subsequently,
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Fig. 1. In silico analysis of mPLIN1C. (A) Diagram representing the domain architecture of PLIN1. The N-terminal PAT domain (black), the 11-mer repeat region
(red), and the 4-helix bundle domain (orange) of the PLIN family are shown together with the C-terminal domain (blue), which is distinctive of PLIN1. (B) Disorder
prediction of mouse (blue) and human (purple) PLIN1 generated by the VSL2 algorithm of PONDR®; values above 0.5 indicate a high probability of disorder; The
PLIN1C of each protein is marked with a dashed line. (C) Distribution of amino acids of mPLIN1C (blue) and hPLIN1C (purple) in relation to the SWISS-PROT
database is shown; data are combined with the distribution of amino acids found in IDPs (black); enrichment (>0) or depletion (<0) in its composition was
generated with Composition Profiler. (D) Hydropathy charge plot. Values of absolute average net charge versus average hydropathy for a set of disordered proteins
(open circles) and ordered proteins (gray circles) were plotted together with mPLIN1C (blue) and hPLIN1C (purple).
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predictions of disorder in the PLIN2 and PLIN3 proteins were docu-
mented in milk fat globules and it was proposed that disorder in these
proteins plays an important role in their multifunctionality [38].
Recently, the presence of intrinsically disordered regions in the PAT
domain and 11-mer repeats of PLIN3 was experimentally demonstrated
using hydrogen-deuterium exchange mass spectrometry. Interestingly,
these regions undergo a disorder-to-order transition when the protein
interacts with the membrane [39].

With regard to PLIN1, the mouse protein (NP_001106942.1) consists
of 517 amino acids whose domain distribution is shown in Fig. 1A. The
N-terminal end of the protein contains the PAT domain (residues 1-93),
which exhibits high conservation among members of the PLIN family.
This is followed by the 11-mer repeat regions (residues 93-192) and the
4-helix bundle domain (residues 225-398). Recent findings have indi-
cated that the 11-mer repeat regions are sufficient for LD binding, and
that this interaction precedes the anchoring of the 4-helix bundle
domain [8]. In comparison to other members of the family, the PLIN1
gene contains an additional exon E9, which begins at residue 406.
Consequently, the C-terminus (residues 406-517) differs in size and
length compared to other PLINs [13].

The mouse protein shares 82 % identity with the human protein
(NP_001138783.1). However, this value decreases to 73 % when only
their C-terminal ends are analyzed. Nonetheless, the disorder prediction
profiles are very similar (Fig. 1B). This analysis allowed the identifica-
tion of three regions with a high propensity to disorder that are common
to both mPLIN1 and hPLIN1. Two of these within the 4-helix bundle
(residues 185-229 and 272-330) and one in the C-terminal domain. In
addition, a fourth region with a slightly lower propensity to disorder was
found at the N-terminal end of mPLIN1 (residues 1-25), which was
absent in hPLIN1. Given the significance of the C-terminal end in
regulating lipolysis via the sequestration and release of CGI-58, we
found it interesting that this distinctive region of PLIN1 was predicted to
be disordered. Therefore, this sequence was subjected to further
analysis.

The amino acid distribution of the aforementioned region was
analyzed using the Composition Profiler web tool (Fig. 1C). The mouse
C-terminal domain (mPLIN1C) showed a low proportion of order-
promoting amino acids (W, F, Y, I, and N) compared to the SwissProt
database. In contrast, this domain is enriched in disorder-promoting
residues (R, S, and P) [40]. Therefore, the amino acid composition of
mPLIN1C is similar to that of proteins deposited in the DisProt database
[41], indicating that mPLIN1C exhibits characteristics of an intrinsically
disordered region (IDR). In a similar manner, the amino acid composi-
tion of the C-terminal domain of the human protein (hPLIN1C) was
consistent with those of IDPs. Further sequence analysis revealed that
mPLIN1C and hPLIN1C have low mean hydropathy and high net charge
(Fig. 1D). These properties are expected for IDPs [25]. Taken together,
the disorder prediction results, the amino acid distribution analysis, and
the low hydrophobicity/high net charge ratio collectively indicate that
the C-terminus of PLIN1 should behave as an IDR in solution.

3.2. Expression and purification of mPLINIC

To experimentally evaluate the predicted disordered nature of
mPLIN1C, we expressed this domain in the E. coli BL21 (DE3) strain. It
should be noted that an attempt was also made to express and charac-
terize the C-terminal end of the human protein. However, this was not
feasible due to the low recombinant protein expression and purification
challenges. The histidine-tagged protein was first purified on a nickel
column. An additional purification step was performed by cation ex-
change chromatography to remove any remaining contaminants. Initial
attempts to desalt the protein for column binding resulted in the for-
mation of protein aggregates. Therefore, the protein was injected into
the column at a salt concentration that prevented aggregation while
enabling interaction with the column (300 mM NaCl). The protein was
subsequently eluted at 350 mM sodium chloride. Further purification
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was not required, as the protein obtained so far showed the necessary
purity. It is important to mention that the protein with the histidine tag
was used for subsequent experiments, under the assumption that the tag
does not affect the function or structure of mPLIN1C, as has been pre-
viously proposed [42,43].

The calculated theoretical molecular weight for the protein,
including the His-Tag, was 15.6 kDa. However, mPLIN1C exhibited
anomalous electrophoretic mobility, migrating at approximately 20 kDa
(Fig. 2A). This was regarded as an initial indication of the protein’s
disordered behavior. As this is commonly observed in IDPs due to less
efficient SDS binding compared to globular proteins of similar molecular
weight, this is attributed to their unusual amino acid composition [44].

3.3. mPLIN1C has large hydrodynamic dimensions

SEC and DLS experiments were conducted to study the hydrody-
namic properties of purified mPLIN1C, as these are useful parameters for
estimating protein size and shape [45,46]. The hydrodynamic radius
(Ry) is a parameter that allows disordered proteins to be distinguished
from globular proteins, as it can take any value between the limits of the
fully extended and fully collapsed states. Thus, it provides valuable
insight into the conformational dynamics of IDPs in their environment
[47].

In the analytical SEC assay, the protein eluted as a single peak
(Fig. 2B) with an elution volume corresponding to a Rg of 28.3 A
(Fig. 2C). If we calculate the theoretical Rg for this domain, assuming a
molecular weight of 15.6 kDa and a globular conformation, we obtain a
value of 19.6 A according to equation (1). The quotient of the radii re-
sults in an experimental value 1.4 times larger than the theoretical
value. Therefore, the experimental volume (95 10\3) and density (0.16
kDa/A®) values differ greatly from the calculated theoretical values of
31.5 A% and 0.50 kDa/A3, respectively. The experimental value of Rg was
compared with values determined for different folding states, including
native, molten globule, pre-molten globule, native unfolded (coil-like),
as well as guanidinium chloride unfolded (GdnHCI unfolded), by plot-
ting the logarithm of the molecular weight against the logarithm of Rg
[48,49]. As can be appreciated in Fig. 2D, the experimental Rg of
mPLIN1C is situated between the pre-molten globule and coil-like con-
formations. These calculated hydrodynamic parameters indicate that
mPLIN1C has larger dimensions compared to if it were a globular
domain. This suggests that the protein is in an extended conformation
or, alternatively, is forming an oligomer in solution.

To gain further insight into the molecular shape of this domain, we
conducted DLS experiments to determine its hydrodynamic radius (Ry,).
The findings indicate that the domain adopts a coil-like structure with an
Ry, of 3.25 £+ 1.15 nm (Fig. 3A), which approximates a molecular weight
of 53.1 + 10.4 kDa. The Ry, value determined for mPLIN1C is in close
agreement with the value that can be estimated for this protein in a fully
extended conformation (R of 3.1 nm) [50]. Subsequently, a urea
denaturation curve was performed to confirm that the broad size dis-
tribution is not reflecting domain oligomerization (Fig. 3B), since the
theoretical molecular weight of the protein is 15.6 kDa. Therefore, if the
domain were forming oligomers, an increase in urea concentration
would result in a decrease in size, indicating monomer dissociation,
which should have an estimated Ry, of 1.9 nm (for a globular protein)
[50]. Following this, the radius should reach approximately 3.1 nm until
complete protein denaturation is achieved. However, our results showed
that the Ry, of mPLIN1C, both in the presence and absence of urea, is very
similar to that of a denatured protein (unfolded), confirming the
extended conformation of mPLIN1C. Oligomeric dissociation processes
monitored by DLS have already been performed, for example, with the
HbGp protein, which shows that pH changes to alkaline values promote
dissociation [51]. The denaturation curve shows that as the urea con-
centration increases, the Ry remains constant, suggesting that no
unfolding or oligomeric dissociation process is taking place. Therefore, it
is suggested that the mPLIN1C domain is highly disordered in solution,
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as it has an extended conformation and no propensity for oligomeriza-
tion. This is in line with the fact that IDPs lack a fixed spatial structure,
which facilitates them to perform their regulatory functions and allows
the efficiency of biochemical reactions to be controlled by temperature
and the cellular environment [52].

3.4. The analysis of the secondary structure content indicates that
mPLIN1C behaves as an intrinsically disordered protein

To obtain further information about the structure content of

mPLIN1C, we employed far-ultraviolet circular dichroism spectroscopy
[53]. The spectrum of mPLIN1C is consistent with that of a disordered
protein, exhibiting negative ellipticity at 200 nm (-15167
deg-cm?.dmol 1) and low ellipticity at 222 nm (—1326 deg-cm® dmol 1)
(Fig. 4A). These features have been associated with the presence of re-
sidual secondary structure, estimated to be around 10-20 % [54].
Analysis of the CD data using the BestSel algorithm [55] indicates that
mPLIN1C is predominantly disordered, showing a content of approxi-
mately ~54 % coil, ~26.3 % p-strands, ~19.7 % p-turns, and no
contribution from a-helices (Table 1). The high coil content corroborates
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Fig. 4. Circular dichroism analysis of mPLIN1C. (A) CD spectra of mPLIN1C were recorded in buffer [20 mM sodium phosphate (pH 7.4) and 20 mM NacCl] at a
protein concentration of 6 uM in the absence and presence of SDS. (B) Secondary structure gain in the presence of SDS. The relative amount of a-helicity was
determined by measuring the molar ellipticity at 222 nm, with SDS concentrations varying from 1 to 20 mM. (C) A dual-wavelength plot showing [0]222 versus [0]
200 for coil-type (gray circles) and PMG-like (black circles); the position of mPLIN1C is indicated with a blue circle in the absence of SDS and with navy blue, green,
yellow, and purple circles in the presence of increasing SDS concentration, respectively. (D) Molar ellipticity at 222 nm of mPLIN1C as a function of temperature. The
temperature range used was 20-90 °C. The inset shows a graph of the dynode voltage throughout the entire scan.

the bioinformatics analysis, which also aligns with the domain having a
high percentage (~42 %) of low-complexity regions in its sequence [56].
This is consistent with previous work indicating that this domain lacks
secondary structure [13]. A detailed analysis using FELLS [27] reveals
that the B-strands should comprise residues 408 to 414, 452 to 460, and
478 to 482. Furthermore, there are three additional segments with the
potential to form a B-strand conformation, spanning residues 415 to 422,
467 to 476, and 488 to 497. The secondary structure content obtained by
CD corresponds to the type of conformation this domain could have in
solution. This prompted us to investigate what type of conformation this
domain might adopt under conditions closer to native. To achieve this,
we employed SDS micelles as a membrane model, as they have been
considered as an appropriate substitute for mimicking the interactions
that occur between proteins and lipids [57].

To determine the SDS concentration required to obtain micelles in
the CD buffer, a DLS experiment was conducted, through which the
critical micelle concentration (CMC) was estimated. DLS is suitable for
studying micellization phenomena, as below the CMC, the detected
scattered light intensity from each concentration is similar to that ob-
tained from water, which in our case is the CD buffer. However, when

Table 1
Summary of the secondary structure content of mPLIN1C in the absence and
presence of SDS.

Type of structure [SDS] mM
0 1 5 10 20

Helix 0 6.2 5.9 3.1 1.6
Antiparallel 26.3 16.8 17.8 14.7 18.4
Parallel 0 0 0 0 0
Turn 19.7 20.2 17.9 19.3 18.1
Other (coil) 54 56.8 58.5 63 61.9
Total 100 100 100 100 100

the CMC is reached, the intensity of the scattered light increases due to
the presence of micelles. From this point onwards, the intensity in-
creases linearly as the number of micelles in the solution increases [58].
The CMC of SDS in the CD buffer was found to be 1.2 mM (Fig. 5).
Subsequently, we acquired the CD spectrum in the presence of SDS
micelles to detect any structural changes that this interaction might
induce. In the presence of 1 mM SDS, we observed a shift in the CD
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Fig. 5. Determination of the critical micelle concentration of SDS by dy-
namic light scattering. The scattered intensity (kcps) was plotted as a function
of SDS concentration (mM). The solid line indicates the keps in the absence of
micelles, while the dashed line corresponds to the increase in scattered light
resulting from the presence of micelles. The intersection of the two lines in the
intensity data at 1.2 mM corresponds to the critical micellar concentration of
SDS in CD buffer.
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spectrum that remained constant as the concentration was increased up
to 20 mM (Fig. 4A). There was a minimal change in the ellipticity
observed at 200 nm, while a significant decrease in the CD signal was
recorded at 222 nm (Fig. 4B). This indicates that in the presence of SDS
micelles, mPLIN1C loses part of its f-conformation and gains a-helicity.
However, there is also a slight increase in its coil structure, suggesting
that it still maintains an extended conformation. A deeper analysis
conducted by FELLS regarding the possible position of these formed
a-helices indicates two regions comprising residues 423 to 432 and 507
to 514. These results show that a segment of mPLIN1C residues un-
dergoes a transition from disordered to ordered in the presence of mi-
celles. Similar results have been documented for residues 93 to 192 of
PLIN1, encompassing the 11-mer domain, which also show a transition
from disordered to ordered in the presence of micelles with a-helix
formation [8]. It is important to note that the segment of residues
acquiring a-helix structure at the C-terminus is shorter than that
observed in the 11-mer domain. However, one of the segments identified
by FELLS (507-514) is in close proximity to the phosphorylation site at
position 517, which is critical for the interaction with CGI-58 [11,12];
therefore, the disorder-to-order transition of this region may be relevant
for PLIN1 function.

The content of secondary structure has been used to classify IDPs into
molten globule (MG), pre-molten globule (PMG), and random coil (RC)
conformations. MG proteins have collapsed conformations with signif-
icant content of secondary structure; PMG proteins exhibit partially
collapsed hydrophobic regions with residual secondary structure, while
RC proteins have large hydrodynamic dimensions lacking secondary
structure [59]. To determine the type of conformation present in the
absence and presence of micelles, a dual-wavelength plot of ellipticity at
200 and 222 nm was analyzed (Fig. 4C). This approach has been used to
differentiate IDPs into PMG and RC [49]. The data demonstrate that in
the presence of micelles, mPLIN1C behaves like a PMG, which contrasts
with our observations in solution, where the protein displayed a coil-like
conformation. Therefore, the interaction with micelles promotes the
stabilization of a partially collapsed structure.

On the other hand, it has been reported that intrinsically disordered
proteins exhibit heat-induced folding. This is attributed to the increased
hydrophobic effect that occurs at high temperatures, which is a major
driving force in protein folding [60-62]. With this in mind, we analyzed
the change in ellipticity at 222 nm with increasing temperature to
identify a possible gain in structure. An increase in temperature globally
resulted in a decrease in ellipticity at 222 nm (Fig. 4D), reaching a value
of —4390 deg-cm?dmol™! at a temperature of 90 °C. This value is
similar to those obtained with micelles, suggesting that the formation of
secondary structure is comparable for both types of induced folding.

In the present study, our characterization of mPLIN1C has thus far
focused on two key aspects: the degree of compaction, which has been
assessed using SEC and DLS, and the content of the secondary structure,
which has been determined via far-UV CD. Differential scanning fluo-
rimetry (DSF) has also been reported in the characterization of IDPs to
infer tertiary structure content. This method, also known as Thermal
Shift Assay, monitors the thermal unfolding of globular proteins using an
environmentally sensitive fluorescent probe, that has negligible fluo-
rescence in water but high fluorescence in a hydrophobic environment.
By plotting fluorescence intensity against temperature, the protein’s
apparent melting temperature (Tp,) is determined from the sigmoidal
curve’s inflection point. In contrast, IDPs show a flat, temperature-
independent fluorescence profile, allowing them to be easily distin-
guished from structured proteins [44]. Therefore, we have set out to
evaluate mPLIN1C using this technique. The DSF curve showed the
typical behavior of an unfolded proteins (Fig. 6) [63]. At low tempera-
tures, the sample displays elevated background fluorescence, which is
consistent with the presence of exposed hydrophobic regions. However,
at high temperatures, a flat profile was observed [64].

It has been noted that the conformational ensembles of IDPs are
influenced by the net charge per residue [65]. Furthermore, the
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Fig. 6. Differential scanning fluorometry reveals the unfolded nature of
mPLIN1C. Thermal denaturation curve of mPLIN1C in buffer [50 mM HEPES
pH 7.0, 0.1 mM EDTA, 5 mM f-mercaptoethanol, 450 mM NaCl, and 5X Sypro
Orange] is shown. Data shown are the mean and error bars represent the
standard deviation (n = 3).

distribution of charged residues impacts the average size and shape of
these proteins, as charge clustering leads to a restructuring of the
conformational ensemble, promoting compaction [66].

The amino acid composition indicates that mPLIN1C is enriched in
arginine residues, and that the combination with lysine residues results
in 20 positive charges (15 and 5 residues, respectively). This number is
comparable to the 14 negative charges of aspartic and glutamic acid.
Consequently, we aimed to assess whether these charges were evenly
distributed or segregated, employing the k parameter, along with their
classification in the phase diagram of IDPs with the CIDER webserver
[30]. The k values vary between 0 and 1. A k value of 0 indicates a
uniform distribution of positive and negative charges throughout a
linear sequence. Conversely, a k value of 1 indicates the complete
segregation of oppositely charged residues throughout the sequence
[66]. The results indicate that mPLIN1C is located in region 2 of the
phase diagram, with a k value of 0.16. This is consistent with an
extended conformation. A slight increase in segregation was observed
for hPLIN1 compared to the mouse domain with a k value of 0.2.
However, it was also located in region 2 of the phase diagram (Fig. S1).
Regarding region 2, it essentially serves as a boundary region that sep-
arates regions 1 and 3. Conformations within this region are likely to
represent a continuum of possibilities between the types of conforma-
tions adopted by sequences in regions 1 (globules and tadpoles) and 3
(coils, hairpins, and chimeras) [67]. Therefore, we can have collapsed or
expanded conformations, depending on the context, as suggested by the
experimental data.

3.5. Molecular recognition elements in mPLIN1C

IDPs are highly dynamic and flexible, generally containing residual
structural elements required for proper function [59]. In many cases,
this flexibility allows IDPs to interact with multiple partners through
direct molecular interaction. When IDPs bind to a target protein, DNA,
or RNA and inhibit or activate the functions of the target, it is called an
effector [59]. Previous studies have shown that these regions exhibit
disorder-to-order transitions that facilitate interaction with multiple
proteins [68]. Additionally, the exposure and flexibility of residues in
IDPs are key factors facilitating post-translational modifications (PTMs)
such as phosphorylation [69]. In this context, it has been demonstrated
that under basal conditions, CGI-58 is the protein with which PLIN1
interacts, through its C-terminal end; however, with lipolysis stimula-
tion, this domain undergoes phosphorylation for the complete release of
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CGI-58.

Previous reports have indicated that the region involved in the
interaction between PLIN1 and CGI-58 encompasses residues 382 to 429
of the C-terminal end of mouse PLIN1 [3]. Further reports indicate that
the region of interaction with CGI-58 is located between residues 361
and 419 in the human sequence, which corresponds to residues 363 to
421 in the mouse sequence. Furthermore, it has been reported that the
interaction is disrupted when the C-terminal end is deleted, beginning at
position 1 of exon E9 (residue 404 in human or 406 in mouse). As pre-
viously stated, exon E9 is unique to PLIN1 and distinguishes it from the
other family members [13]. This suggests that the interaction site at the
mouse C-terminus is likely located between residues 406 and 421.

To gain insight into the potential interaction site, we analyzed the
mPLIN1C sequence using the MoRFpred and ANCHOR servers to iden-
tify MoRFs with a propensity for disorder-to-order transitions. Both
servers identified residues 413 to 417 (EPESE) as a MoRF region (Fig. 7).
Interestingly, analyses of the human domain reveal a similar trend, with
the only distinction being that the predicted MoRF is one residue shorter
(PESE) than its mouse counterpart. Additionally, the FELLS server pre-
dicted that this segment has the potential to form an a-helix. These data
suggest that the region encompassing the MoRF (EPESE) likely has the
potential to interact with CGI-58, as it falls within the zone delimited by
residues 406-421 and is exclusive to the C-terminal region absent in the
other PLINs. Remarkably, a multiple sequence alignment of different
species shows that the predicted interaction region is highly conserved,

Appendix A. Supplementary data
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suggesting it performs an important biological function (Fig. S2). This
emphasizes the necessity for additional research to elucidate the po-
tential role of the presumed MoRF. In addition, it has been described
that a single MoRF can bind to two or more different protein partners
[70]. This may be the case for PLIN1, as recent evidence suggests that
aquaglyceroporins also interact at the C-terminal end. This suggests that
PLIN1 is involved in coordinating the subcellular translocation of
aquaglyceroporins in human adipocytes [71].

4. Conclusion

This study provides a comprehensive bioinformatic and experi-
mental characterization of the C-terminal domain of murine PLINI.
Bioinformatic analyses reveal its disordered nature, while experimental
data confirm its dynamic structural features. These findings highlight
the potential functional role of mPLIN1C in protein interactions and
regulation. Future investigations will focus on the experimental analysis
of the proposed MorRF sequence "EPESE" to further elucidate its bio-
logical relevance and activity. Specifically, these studies will explore
how this sequence contributes to the structural functionality of
mPLIN1C and its involvement in lipid metabolism and protein
interactions.
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