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Abstract: Disordered Proteins are active proteins, some part of which may not have a specific three-dimensional
structure. They are known to adopt a specific structure in conjunction with its binding partner. They lack hydrophobic
amino acids that help in the process of protein folding. Late Embryogenesis Abundant proteins help in protecting higher
plants from damages caused by environmental stresses. We analyzed randomly selected LEA proteins and transcription
factors of plants and animals for various parameters of disorderness and compared them with proteins of Arabidopsis
thaliana and Caenorhabditis elegans. The disordered percentage in each of these proteins was calculated using PONDR.
Their amino acid composition, hydropathicity values were obtained by Protparam. The Ramachandran plot was used to
obtain favorable and unfavorable regions. Some of the structures which were not available in structural databases were
modeled using Alpha Fold 2. Our results show that the disordered percentages in LEA proteins transcription factors are
statistically higher compared to normal proteins in Arabidopsis thaliana and Caenorabhditis elegans. We speculate that
the necessity of LEA proteins to function in stressful developmental conditions and the necessity of the transcription
factors to bind to multiple partners ( both DNA elements and other factors) may be the reason why these groups of
proteins exhibit such high percentages of disorderness.

Keywords: Disordered proteins, Late Embryogenesis Abundant protein, Transcription factor, Hydropathicity, Alpha
fold 2.

1. INTRODUCTION:

Disordered Proteins are active proteins which lack rigid three dimensional structure in the absence of macromolecular
interaction and they lack hydrophobic amino acids which help them in the folding process [1]. After attaching to other
macromolecules, many disordered proteins can acquire a stable three-dimensional structure. In general, disorder proteins
differ from structural proteins in a number of areas, including function, structure, sequence, and interactions [2].

During late embryogenesis, the Late Embryogenesis Abundant proteins are expressed in roots, stems, and other organs
throughout the plant's growth phase [3]. Late Embryogenesis Abundant proteins are a type of highly hydrophilic, glycine-
rich protein that have antioxidant, metal ion binding properties. It is also involved in membrane and protein stabilization,
hydration buffering, and DNA and RNA interactions [3]. They are required for abiotic stress protection as well as proper
plant growth and development. Abiotic stressors like cold, drought, or high salinity usually promote LEA expression.
LEA proteins have been found in a wide variety of organisms like prokaryotes, invertebrates, and plants ranging from
algae to angiosperms [3]. Transcription factors are proteins required for the expression of a gene [4]. They bind to other
factors and specific DNA binding sites [5].

Because usually proteins that have functional roles under high abiotic stresses like the LEA have a propensity for
disorderness and also that transcription factors in virtue of binding to multiple protein and DNA partners, we hypothesized
that these proteins inherently may have a higher percentage of disorderness compared to random normal proteins.
PONDR was used to calculate the disordered percentages in each of the types of proteins such as disorder proteins LEA
and Transcription factors and other proteins of Arabidopsis thaliana [6] and Caenorhabditis elegans [7]. Using Protparam
we determined their amino acid composition and hydropathicity values. The Ramachandran plot was used to determine
which regions of the protein structure were highly preferred and which were in the questionable region. Alpha Fold 2
was used to model several structures that were not available in structural databases. Our findings reveal that the disordered
percentages in LEA proteins, transcription factors are statistically higher than normal proteins. Our finding supports a
speculation that the requirement for LEA proteins to function in stressful conditions under which maintaining an
established three dimensional structure is challenging. Also the requirement of transcription factors to bind to numerous
protein partners and regulatory DNA sequences, may be the basis for the high levels of disorder in these protein families.
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2. MATERIALS AND METHODS:

2.1 Protein data: LEA protein and transcription factor protein  structures were retrieved from PDB [8]
(https://www.rcsb.org/) and Fasta sequences were retrieved from UniprotKB [9] and PDB Database (Table S1,S2,S3).
List of other proteins of Arabidopsis thaliana and Caenorhabditis elegans were obtained from UniprotKB (Table S4,S5).
(https://www.uniprot.org/)

2.2 PONDR : Disorder percentage of the proteins based on multiple predictors (VLXT,XL1_XT,CAN_XT,VL3,VSL2)
were obtained from PONDR (Predictor of Natural Disordered Regions) [10]. (http://pondr.com/)

2.3 PROTPARAM : Disordered regions of proteins, hydropathicity GRAVY values and amino acid composition were
obtained from protparam [11]. (https://web.expasy.org/protparam/)

2.4 RAMACHANDRAN PLOT: Ramchandran plot was plotted to identify the fully allowed part (favored) where the
beta sheets and the right handed alpha helix occur, outer limit (allowed) with smaller van der Waals radii which
corresponds to the left-handed alpha-helix and disallowed part ( these residues are glycine can also be asparagine or
aspartate) [12][13]. (https://zlab.umassmed.edu/bu/rama/)

2.5 Alpha Fold 2: Using the Fasta sequence of LEA proteins and transcription factor protein structures were modeled
using Alpha Fold 2 [14] whose structures were not available in the PDB database. 12 proteins of random organisms
were modeled with Alpha Fold 2 ( list of the proteins modeled using Alphafold?2 is given in Table S6)
(colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb#scrollTo=33g5l legij5R)

2.6 Statistical analysis : Kruskal-Wallis statistical test was done on the hydropathicity GRAVY values obtained from
Protparam and also for highly preferred, preferred and questionable regions obtained from Ramachandran plot. All data
was examined for homogeneity of variance and normality (transformation), as well as non parametric analysis. To
examine the significant differences between the groups, the Kruskal Wallis test [15] was used. P > 0.05 was considered
significant for all tests. SPSS software version 20 for Windows was used to analyze the data (IBM Corp).

3. RESULTS:

Late embryogenesis-abundant (LEA) proteins play important role in normal plant growth and development and also in
abiotic stress protection.We calculated the disorder percentage of the 25 LEA proteins from plants and 5 from animals,
Transcription factors from 10 different organisms and also other proteins which were not known as disordered proteins,
25 each of Arabidopsis thaliana and Caenorhabditis elegans through PONDR (Table S7-S11). The disordered
percentages in LEA proteins in plants (orange) and in animals (gray) ,transcription factors (blue) are higher compared
to other proteins in Arabidopsis thaliana (yellow) and Caenorhabditis elegans (green) (Fig 1).
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Fig. 1. The disordered percentages in LEA proteins in plants (orange) and in animals (gray) ,transcription factors (blue)
are higher compared to other proteins in Arabidopsis thaliana (yellow) and Caenorhabditis elegans (green)

A negative hydropathicity (GRAVY) values from protparam of LEA proteins, transcription factors indicate that they are
mostly hydrophilic proteins (a positive free energy change of the surrounding solvent indicates hydrophobicity, whereas
a negative free energy change implies hydrophilicity) (Fig 2.1). The PROTPARAM results show that the hydropathicity
values in LEA proteins ,transcription factors are statistically higher (P value 0.013) compared to other proteins in
Arabidopsis thaliana and Caenorhabditis elegans (Fig 2.2).
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Fig. 2.1 LEA proteins have more negative value of hydropathicity than the other proteins

Test Std.  Std. Test
Sample1-Sample2 Statistic  Error  Statistic Sig. Ad}.Sig.
” LEA Plants-LEA Animals 6620 12798 -517 605 1.000
Independent-Samples Kruskal-Wallis Test
LEA Plants.TF 8320 9775 851 395 1.000
000
g LEA Plants.CE -18.000 7.389 -2.436 015 148
<050
; é LEA Plants-AT -24.580 7.389 -3.327 001 009
20
° LEA Animals-TF 1700 14.309 19 905 1000
-1.50
T T PR . & LEA Animals.CE 41380 12798 -889 374 1.000
Proteins
LEA Animals AT -17.960 12798 -1.403 161 1.000
Total N %0
TF.CE 9680 9775 -.990 22 1.000
Test Statistic 12636
TFAT -16.260 9.775 -1.663 096 962
Degrees of Freedom 4
CE.AT 6.580 7.389 891 373 1.000
Asymptotic Sig. (2-sided test) 013

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions
are the same.
1. The test statistic is adjusted for ties Asymptotic significances (2-sided tests) are displayed. The significance level is .05

TF - Transcription factors, AT - Arabidopsis thaliana, CE - Caenorhabditis elegans

Fig. 2.2 LEA proteins have more negative value of hydropathicity than the other proteins, the Kruskal Wallis test was
performed on LEA proteins in plants and animals, and transcription factors hydropathicity values obtained from
protparam

The secondary structures of proteins including the LEA proteins, transcription factors and representatives of the normal
proteins using the pdb structures were analyzed using the Ramachandran plot as they lack three dimensional structures.
Other proteins of Arabidopsis thaliana and Caenorhabditis elegans, have more highly preferred regions. (P value 0.049)
The analysis of preferred regions for LEA and other proteins is around 5-20% (P value is 0.070). Also LEA proteins and
transcription factors have more questionable regions (P value 0.010) than other proteins. (Fig 3, 4 & 5).

DISORDERED PERCENTAGE (VL-XT)

HIGHLY PREFERRED REGION

Fig. 3. Other proteins of Arabidopsis thaliana and Caenorhabditis elegans have more highly preferred regions (P value
0.049) than the LEA proteins and Transcription factors.
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Fig. 4. LEA proteins and Transcription factors have more preferred regions (P value is 0.070)
than the other proteins of Arabidopsis thaliana and Caenorhabditis elegans and the LEA proteins and Transcription
factors values are scattered.

DISORDERED PERCENTAGE (VLXT)

QUESTIONABLE REGION
15 in plant

Norm

Fig. 5. LEA proteins and Transcription factors have more questionable regions (P value 0.049) than the other proteins
of Arabidopsis thaliana and Caenorhabditis elegans. Order is entropically unfavorable for glycine since it has no side
chain

The Kruskal Wallis test was used for hydropathicity values of LEA proteins in plants and animals, as well as transcription
factor's values acquired from protparam (P value 0.013).

The test on highly preferred protein regions, the beta sheets and right-handed alpha helix are the highly preferred regions
(P value 0.049) And questionable regions which have steric barriers between the side chain C-beta methylene group and
the main chain atoms, also have low P value (0.010) whereas the significant P value is 0.05. The P value is 0.070 for
the preferred region, that correlates to the left-handed alpha helix, is greater than the significant P value of 0.05.

DISCUSSION:

Due to the intrinsically unstructured nature of LEA Proteins they appear to be an incredibly versatile protein family.
When exposed to various stress factors, including as drought, high-salinity stress, low-temperature stress, heavy-metal
stress, and biotic stresses, they exhibit a variety of functions (e.g., chaperone, cryoprotective, antifreeze, ion-binding
functions).

To investigate the disorderness in the structures of LEA proteins we analyzed different parameters associated with
disorderness, LEA, in normal proteins of Arabidopsis thaliana and Caenorhabditis elegans and also transcription
factors all of which were randomly chosen. Through PONDR (VL-XT) the disorder percentage of the proteins were
calculated and LEA proteins and transcription factors were found to have a statistically higher percentage of disorderness
compared to other proteins of Arabidopsis thaliana and Caenorhabditis elegans. And hydropathicity values of LEA
proteins are more negative indicating that they are hydrophilic as they lack hydrophobic amino acids. A Ramchandran
plot was used to determine the highly preferred region, which are the beta sheets and right-handed alpha helix , the
preferred protein regions which correspond to the left-handed alpha helix. The steric barrier between the side chain C-
beta methylene group and the main chain atoms is the most common reason for questionable regions. Because glycine
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lacks a side chain, it can form phi and psi angles in all four quadrants of the Ramachandran plot. LEA proteins and
transcription factors have more questionable regions where these regions are unstructured, as they are disordered proteins
and lack three dimensional structure. The requirement of LEA proteins are necessary for plant growth and development
as well as protection from abiotic stress, as well as the requirement of transcription factors to bind to numerous partners
(both DNA elements and other factors), mediators, and regulatory areas in addition to regulating many genes, may be the
basis for the high levels of disorder in these protein families.
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