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Abstract

Phenylketonuria (PKU) is a genetically inherited disease where the body fails to convert Phenylalanine (Phe)
to Tyrosine (Tyr) due to the defective Phenylalanine Hydroxylase (PAH) enzyme, resulting in the elevated blood
Phe level causing neurological damage. Of all therapies, Large Neutral Amino Acid (LNAA) supplementation has
become a promising approach to the dietary treatment of PKU, where the LNAA compete with Phe for the same
L-Type Large Neutral Amino Acid Transporter (LAT1, SLC7A5) across the blood-brain barrier, decreasing brain Phe
level. In this study we have designed an easily digestible protein enriched with LNAA (except Phe), using bovine as1
casein as template by homology modeling. Our challenge was to maximize the LNAAs (except Phe) in the protein
model by finding a suitable scaffold for hosting LNAAs, thereby turning the usual concept of homology modeling.
Bioinformatics tools like SWISS-MODEL, EXPASY, PROFUNC, I-TASSER, RaptorX, and SAVeS Server were used
for the structure prediction, and validation of the designed protein. Out of 63 different models designed, Protein
Model-54 was selected based on sequence similarity to template (61.4%), compact 3D structure containing only
a-helices and coils without B-sheets (QMEAN score of 0.567), and good in silico digestibility. The molecular weight
of protein was 12,094.6 Da. Ramachandran plot revealed that the designed protein contained 89.9% amino acid
residues in the favored region with ERRAT score of 88.04. Based on these evaluations, the Protein Model-54 was

found to be the best, stable and reliable model which may be of high nutritional significance for PKU patients..
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Introduction

PKU is a genetically inherited disease. Though it occurs one in
18,300 persons in Indian populations [1], development of suitable
food protein formulations for PKU is still the main focus of many food
researches in India. Food proteins contain different amount of Phe
and consumption of correct amount is required for the proper protein
synthesis, normal growth and development of the body and brain in
growing children [2]. In PKU patients, the body fails to eliminate the
excess Phe due to the defective enzyme Phenylalanine Hydroxylase
(PAH) resulting in the elevated blood Phe level causing neurological
damage [3]. Many therapies like gene therapy, enzyme substitution
therapy, and protein hydrolysate diet have so far been implemented.
But, patients fail to follow the diet as it is unpalatable, or the therapies
are too expensive. However, supplementation with large neutral amino
acids (LNAA, i.e., histidine, isoleucine, leucine, methionine, tyrosine,
threonine, tryptophan, and valine) other than Phe has become a
promising approach in the dietary treatment of PKU as it increases the
melatonin and neurotransmitter synthesis resulting in improved
brain function [4,5]. The balanced ratio of histidine: isoleucine:
leucine: methionine: tyrosine: threonine: tryptophan: valine is 6: 9:
20: 8: 6: 9: 3: 13, respectively, as nutritionally specified for infants
by WHO/FAO/UNU [6].

Normally, all the LNAAs compete for transport across the blood-
brain barrier via the same L-type large neutral amino acid transporter
(LATI1, SLC7A5). LAT1 transporter has a high affinity for Phe,
resulting in an increased transport velocity of Phe even at slightly
higher concentration in the blood [7]. Thus, supplementation of
LNAA has become a promising approach for the dietary treatment of
PKU. However, protein enriched with LNAA and devoid of Phe is not
found in nature. Our search for a protein containing low levels of Phe
resulted in the identification of asl casein protein, which is used as
a template for protein homology modeling. In milk, asl casein is the

major fraction comprising of 40% of the casein fraction [8]. According
to Sanchez and co-workers [9], long-term consumption of milk casein
hydrolysate provides cardiovascular benefits and reduces hypertension.

Protein designing has been extensively used to increase the essential
amino acid contents in proteins for the enhancement of its nutritional
quality [10]. Protein designing can be performed by homology
modeling, which predicts the 3D structure of the target protein based
on its alignment to the template whose structure has already been
experimentally determined [11]. The four main steps in homology
modeling include fold assignment and template selection, template-
target alignment, model building and model evaluation. Template
selection, alignment and model building is done until a satisfactory
model is obtained [12]. The model should have above 30% identity to
the template so that it can be modeled with accuracy [13,14]. In the
model building, the challenge is to maximize the LNAA content (and to
remove Phe) in the protein using a particular secondary structure. Thus,
we turned the usual concept of homology modeling and tried to find
a suitable scaffold (especially a-helix) to host the enriched LNAAs for
increased functionality (stability and digestibility). The proper folding
of the designed protein into 3D structure is important for its biological
activity. The designing was based on the binary patterning using Polar
(P) and Non-polar (N) amino acids [15]. A high percentage of B-sheets
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may cause low access to gastrointestinal digestive enzymes resulting in
low protein value and low protein bioavailability [16]. Understanding the
structure of whole protein is important to know the digestive behavior,
nutritive value, utilization and availability in animals [17].

Here we have shown how different bioinformatics tools can be
utilized and applied to design a protein enriched with LNAA, and
comprised mainly of a-helices secondary structures for easy digestion
in human gastrointestinal tract. Bioinformatics online software like
SWISS-MODEL, EXPASY tool, Allergenonline.com, PROFUNC,
I-TASSER, RaptorX, SuperPose, ProSA-web and SAVeS Server were
used for the structure prediction, evaluation and validation of the
predicted structure. We envisage that this model protein can be used
as a dietary supplement or treatment to increase the level of LNAAs
(except Phe) in the blood, and thereby decreasing the Phe concentration in
the brain, owing to their competition for the same LAT1 transporter. This
designed protein will be of high nutritional significance for PKU patients.

Materials and Methods

Enrichment of asl casein with LNAA

The protein sequence of bovine as1 casein (Accession: AAA30428.1)
was obtained from NCBI in FASTA format (www.ncbi.nlm.nih.gov/
protein/162794%report=fasta#) [18]. The first amino acid Met was
retained as an initial amino acid after deleting the amino acid sequence
KLLILTCLVAVALA from the N-terminal end of the protein sequence
[19]. The FASTA sequence of asl casein and template are as follows
(the underlined portions are deleted from the template):

>gi|162794|gb|AAA30429.1| alpha-S1-casein [Bos taurus]

MKLLILTCLVAVALARPKHPIKHQGLPQEVLNENLLRFFVALF-
PEVFGKEKVNELSKDIGSESTEDQAMEDIKQMEAESISSSEEIVPNS-
VEQKHIQKEDVPSERYLGYLEQLLRLKKYKVPQLEIVPNSAEERL-
HSMKEGIDAQQKEPMIGVNQELAYFYPELFROQFYQLDAYPS-
GAWYYVPLGTQYTDAPSESDIPNPIGSENSEKTTISLW

The actual template is as follows:

MRPKHPIKHQGLPQEVLNENLLRFFVALFPEVFGKEKVNELSK-
DIGSESTEDQAMEDIKQMEASISSSEEIVPNSVEQKHIQKEDVPSER-
YLGYLEQLL

The LNAAs were incorporated in excess levels or in accordance
with their relative nutritional levels specified for infants by WHO/
FAO/UNU [6]. The selection criteria for the best target model was (i)
enrichment of LNAA (except Phe) with their balanced ratio of histidine:
isoleucine: leucine: methionine: tyrosine: threonine: tryptophan: valine
is 6: 9: 20: 8: 6: 9: 3: 13, respectively, in accordance with nutritionally
specified by WHO/FAO/UNU [6], (ii) at least more than 50% of
homology to the template protein, and (iii) three-dimensional structure
prediction with only a-helix and devoid of B-sheets. The order of
arrangement of Polar (P) and Non-polar (N) residues for a-helices was
PNPPNNPPNPPNNP [15,20]. It allows the hydrophobic amino acids
to burry inside and hydrophilic amino acids to expose to the solvent
[21,22]. The order of arrangement for B-sheets was with alternating
Polar (P) and Non-polar (N) residues, i.e., PNPNPNP [23,24].

Construction of protein model by SWISS-MODEL

SWISS-MODEL, ExPASy ProtParam, and Allergenonline.com
programs were used to screen the target model and to predict the
best target model. Homology modeling was performed to design the
protein model. SWISS-MODEL server (http://swissmodel.expasy.org/
interactive) was used to predict the 3-D structure of the designed protein
based on homology or comparative modeling. The user provides a

sequence to be modeled, and SWISS-MODEL automatically calculates
a model containing all non-hydrogen atoms, and known templates
were chosen by the server. The homology between the template and
target was predicted, as well as sequence similarity and alignment of
the selected template [25]. A total of 63 different models were designed,
constructed and predicted using this software. The overall quality of the
3D structure was predicted by the SWISS-MODEL server. The QMEAN
(Quality Model Energy Analysis) Score values assess the structure
modeled by the server and the reliable scores should be between 0 and
1. SWISS-MODEL perform comparative protein structure modeling
by satisfying the spatial restraints, and performing additional tasks,
including de novo modeling of loops in protein structures, multiple
alignment of protein sequences and structures, comparison of protein
model structures, and so on. Each protein has different Z-score values
in PDB, and therefore it is not known what range of Z-score is required
for correct protein models [26].

Allergenonline.com and ClustalW2

Allergenonline.com is an online server that provides data on
the sequence similarity with natural proteins, especially allergens.
Allergenonline server (http://www.allergenonline.com/) was used to
check if the designed protein is having any sequence similarity to known
allergens which may be a potential risk of allergenic cross-reactivity.
It also showed sequence similarity to the template. It gives the list of
allergens to which the designed protein matches, and provides the
percentage of similarity with the allergen by sequence search database.
If the full length shows similarity more than 50%, then the sequence is a
probable allergen, and should not be considered further. Additionally,
if the sequence similarity of more than 35% for the 80 amino acid
segment, then the sequence is considered as a probable allergen [27].

Pairwise sequence alignment between template and target proteins
was performed using ClustalW2 server (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) and EMBOSS Stretcher Pairwise Sequence Alignment
(http://www.ebi.ac.uk/Tools/psa/emboss_stretcher/)  [28].  These
servers were used to identify the regions of sequence similarity between
the template and target models. Higher the sequence similarity better
the protein model. It was noticed recently that the Clustal server
is retired, so we did additional sequence homology with Pairwise
sequence alignment using EMBOSS stretcher.

Physicochemical properties of the target protein models by
ExPASy (Expert Protein Analysis System) tool

ExPASy ProtParam tool is an analysis tool used to predict various
physicochemical parameters like molecular weight, theoretical pI,
amino acid composition, atomic composition, extinction co-efficient,
half-life, instability index, aliphatic index and grand average of
hydropathicity index (GRAVY) (http://web.expasy.org/protparam/).
The ExPASy ProtParam tool is used to analyze protein sequences,
structures and physicochemical properties of protein models [29].

ExPASy Peptide Cutter

The main aim of this work is to design a protein which is easily
digestible in the human gastrointestinal tract, and thus in silico
digestibility was performed using the ExPASy Peptide Cutter tool
(http://web.expasy.org/peptide_cutter/). Peptide cutter is used to
predict the cleavage sites of proteases [29].

Secondary structure and tertiary structure prediction

Secondary structures include a-helix, B-sheets, coils and turns.
The spatial arrangement of secondary structures results in the tertiary
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structure. X-ray crystallography and Nuclear Magnetic Resonance
(NMR) are advanced techniques used to determine the structure of
protein. Recently, computational methods like homology modeling,
threading, and ab initio were developed. Homology modeling is found
to be the most accurate method to predict secondary and tertiary
structures. Several homology modeling software, which predict all
possible three-dimensional arrangement of protein is now available.

Protein structure predicted by Raptor X

Raptor-X server was used to confirm the structure predicted by
SWISS-MODEL. Raptor-X server was used to predict the 3-D structure
of the protein sequence without close homologs in the Protein Data
Bank (PDB) (http://raptorx.uchicago.edu/). The secondary and tertiary
structures, contacts, solvent accessibility, disordered regions and
binding sites were predicted by the server [30]. To indicate the quality
of the protein 3D model, Raptor-X assigns the following confidence
scores: p-value, GDT (global distance test) and uGDT (un-normalized
GDT), and RMSD for the relative global quality, absolute global quality
and absolute local quality of each residue in the protein model.

3D structure predictions by I-TASSER

I-TASSER (Iterative Threading ASSEmbly Refinement) was
considered to predict the secondary structure as well as the three-
dimensional structure of the protein sequence (http://zhanglab.ccmb.
med.umich.edu/I-TASSER/). Structure template was detected from
the PDB by fold recognition or threading [31,32]. The server provided
details on ligand binding site, gene ontology and enzyme commission
by structurally matching the template and the target in protein function
databases. I-TASSER is the most accurate method for the prediction of
3D structure and function of model protein, which compares with the
sequence similarity of known protein (template) in the Protein Data
Bank (PDB) by fold recognition [32].

Functionality of protein predicted by PROFUNC SERVER

PROFUNC is used for the prediction of the three-dimensional structure
of a protein model (http://www.ebi.ac.uk/thornton-srv/databases/ProFunc/.)
It can also predict the secondary structures like a-helix, B-sheet, coils
and loops. This software predicts the protein function using the tertiary
structure of the protein. It uses both sequence and structure-based
methods for the prediction of conserved domains in protein. Sequence
method search includes BLAST search against the UniPort knowledgebase,
FASTA search against PDB, InterPro Scan, super-family search, and
residue conservation mapped onto structure and genome location
analysis. Structure-based methods involve fold-matching using MSD Fold
and DALIL SSM (secondary structure matching) fold match, Helix-Turn-
Helix motif search (HTH), nest analysis, surface cleft analysis, template
methods-enzyme active site, ligand binding site, DNA binding site and
reverse template search [33]. The server also provides secondary structure
and Ramachandran plot for the protein.

SuperPose Version 1.0 server

SuperPose server (http://wishart.biology.ualberta.ca/SuperPose/)
is used to superimpose two or more structures to generate the
sequence and structure alignments of target proteins. It also predicts
the difference distance plots, PDB coordinates, images and RMSD
statistics [34].

Molecular graphics programs for protein model visualization

The structures obtained from tertiary predicting software were
visualized using Discovery, UCSF Chimera, and Pymol tools to
generate better quality images.

Structure analysis and validation

Validation and evaluation of the predicted 3D structure were
performed by SAVeS (Structural Analysis and Verification) Server to
check for the errors (http://services.mbi.ucla.edu/SAVES/). SAVeS
possesses tools such as PROCHECK, WHAT CHECK, ERRAT,
VERIFY 3D and PROVE [35-37]. Ramachandran Plot was also
generated by the server. The overall quality of the structure was obtained
through this server. PROCHECK analyzes the stereochemistry of the
protein structure by checking residue-by-residue geometry and overall
structure geometry [35]. ERRAT determines the statistics of non-
bonded interactions between different atom types. Ramachandran plot
visualizes the dihedral angle ¢ (phi) against ¥ (psi) for amino acids in
the protein structure. The PDB file of the protein was uploaded, and
all the programs mentioned above were selected to run the programs.
ProSA web (Protein Structure Analysis) is used to validate the errors in
the generated 3D structure of protein that furnish details on the energy
plot, z-score and theoretical model (https://prosa.services.came.sbg.
ac.at/prosa.php) [38].

Results and Discussion

Enrichment of asl casein with LNAA

LNAA supplementation results in the decreased accumulation
of Phe in the brain, owing to their competition for the same LAT1
transporter at the blood-brain barrier [5]. Thus, the aim of this study
was to design a protein model with the enriched amount of LNAA
using homology modeling. A total of 63 different protein models were
designed using different template sequence including bovine asl1 casein
to enrich LNAA contents (except Phe). Furthermore, a high percentage
of B-sheets may cause hindrance to gastrointestinal digestive enzymes
that result in low protein value and less protein availability [16].
Therefore, the designed protein should have a-helical structures and
coils, without any {-sheets. This was achieved by binary patterning
based on the arrangement of polar (P) and nonpolar (N) amino acids for
a-helices, which was in the order sequence; PNPPNNPPNPPNNP [15,20].

The FASTA sequence of the best designed protein model (Protein
Model-54) enriched with LNAA based on the binary patterning is as
follows:

MDLVHLIKHVMRLVQEVLKDMLHRYWTVPQKLVN-
VYTELVTELIKILEIVNLITMYSWITYMTLVSILTMWHIVQHLV-
EDLMHILMDVLTNYLTYLEQLL.

Construction of protein model by SWISS-MODEL

Designing a protein that would adopt a suitable secondary and
tertiary structure, despite high content of LNAA was a challenging task.
Earlier attempts of homology modeling using different templates were
unsuccessful, since the models had high instability index, presence
of B-sheets, flaccid or loose 3D structure, or had similarity to known
allergens. Here, bovine asl casein (AAA30429.1) was chosen as the
template for homology modeling, as it contained a low level of Phe
[19]. Model building was performed to enrich LNAA levels other than
Phe, in the target using binary patterning for a-helix formations, so
that the designed protein contains only this secondary structure in the
final model. This is required because the modeled protein is used as a
dietary protein, and has to be digested easily in the human gut.

For expression of the designer protein, proper folding of the
protein is necessary to avoid aggregation, which in turn forms inclusion
bodies [39]. Folding also stabilizes the protein by resisting towards
endogenous protease activity. The protein was properly folded into
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a compact structure with four a-helices and devoid of any P-sheets,
as depicted in the figure (Figure 1A (a)). The structure was showing
sequence similarity to early antigen protein R, since bovine asl casein
protein structure was not available in PDB. Bovine asl casein has a
high number of prolines and devoid of disulfide bridges, which gives it
a relatively little tertiary structure.

The QMEAN score is a comprehensive scoring function of a linear
combination of six structures such as C_beta interaction energy, all-
atom pairwise energy, solvation energy, torsion angle energy, secondary
structure agreement and solvent accessibility [40]. The QMEAN score
of the designed protein (Protein Model-54) is summarized in Table 1.
The QMEAN Score obtained was 0.567 (Table 1), which indicated that
the model predicted by SWISS-MODEL was highly acceptable because
the reliable score should be between 0 and 1.

Sequence similarity analysis by allergenonline.com and
Clustalw2

The designed protein sequence was not showing any similarity to
the known allergens. The sequence similarity with bovine as1 casein was
found to be 61.4% (Figure 2A), which is expected, since the template
used was bovine asl casein. High sequence similarity (more than 50%)
is good for homology modeling. If the similarity to allergen is more
than 50% (with full length) or more than 35% similarity (with 80 amino
acid segment), the sequence is considered as a probable allergen and
was not considered further in this work [27].

The sequence alignment between bovine asl casein and designer
protein was performed using ClustalW2 server (Figure 2B). It allows
faster alignment of large sets of data and increase alignment accuracy
[41]. However, we recently noticed that the ClustalW2 server was
retired, and thus the EMBOSS stretcher Pairwise sequence alignment

tool was also used to identify the regions of sequence identity between
the template and target model (Figure 2C). Both the alignment tools
showed different alignment data, because the default parameters used
for the alignments were different. In ClastalW2, the matrix used was
Gonnet, while that in EMBOSS Stretcher was Eblosumé62. The gap open
penalty and gap extension penalty in ClastalW2 were 10.0 and 0.2, while
those for EMBOSS Stretcher were 12.0 and 2.0. Thus the difference in
alignment data is because of these differences in the default alignment
parameters of the two server. However the target protein sequence,
which contained only 100 amino acids have high sequence homology
(61.4%) with the template protein, bovine asl casein.

Physicochemical analysis of designed protein

ExPASy ProtParam tool: ExPASy ProtParam tool was used to
predict the physicochemical properties of a protein model. The ExPASy
ProtParam results are summarized in Table 2. The sequence contained
histidine: isoleucine: leucine: methionine: tyrosine: threonine:
tryptophan: valine in the ratio 6: 9: 20: 8: 6: 9: 3: 13 respectively, as
nutritionally specified for infants by WHO/FAO/UNU [6]. The
molecular weight of designed protein (Protein Model-54) containing
100 amino acids was predicted to be 12094.6 Da and theoretical pI was
5.77 which indicate that the protein is negatively charged and that it
can be precipitated in acidic medium. Protein pH was calculated based
on the pK, values of individual amino acids, and it depends on the side
chains. The extinction co-efficient, which is the quantity of light that
could be absorbed by the protein at 280 nm, of Protein Model-54 is
25440 M cm™. This is based on the amount of tyrosine, tryptophan
and cysteine residues, which are 6%, 3%, and 0% in the modeled
protein. Half-life is the prediction of the time taken by the protein to
reduce to half of its amount in the cell after its synthesis in the cell. The
server considered human, yeast and Escherichia coli cells and it was 30
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Figure 1: A) Tertiary structure (3D) of the Protein Model-54, generated by: a) Swiss-Model, b) RaptorX, c) I-TASSER, and d) PROFUNC. B) The normalized B-factor
profile from I-TASSER. C) Secondary structure prediction by PROFUNC, where a-helices are labeled with ‘H’, B-sheets are labeled with § and y.
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Score

-68.07 (Z-score: 0.14)
-3518.87 (Z-score: 0.10)

4.26 (Z-score: -2.03)

-4.85 (Z-score: -2.63)

81.0% (Z-score: -0.22)

Solvent accessibility agreement 69.0% (Z-score: -0.22)

Total QMEAN score 0.567 (Z-score: -1.58)

Table 1: QMEAN score of designed Protein Model-54.

Parameters
C beta interaction
All-atom pairwise energy
Solvation energy
Torsion angle energy
Secondary structure agreement

Amino acid No. Percentage Amino acid | No. | Percentage
Ala (A) 0 0.0% Lys (K) 4 4.0%
Arg (R) 2 2.0% Met (M) 8 8.0%
Asn (N) 3 3.0% Phe (F) 0 0.0%
Asp (D) 4 4.0% Pro (P) 1 1.0%
Cys (C) 0 0.0% Ser (S) 2 2.0%
GIn (Q) 4 4.0% Thr (T) 9 9.0%
Glu (E) 6 6.0% Trp (W) 3 3.0%
Gly (G) 0 0.0% Tyr (Y) 6 6.0%
His (H) 6 6.0% Val (V) 13 13.0%

lle (1) 9 9.0% Pyl (O) 0 0.0%

Leu (L) 20 20.0% Sec (U) 0 0.0%
Aliphatic index 150.80 - - -
GRAVY 0.630 - - -
Instability index 40.50 - - -
Molecular weight (Da) 12,094.6 - - -

Theoretical pl 5.77 - - -
Extinction coefficient (M cm-') 25,440 - - -

Table 2: Physicochemical properties of designed protein model (Protein model-54).

h, >20 h and >10 h, respectively. As our model protein contained Met
as the N-terminal residue, the half-life would be 30 h in mammalian
reticulocytes (in vitro), >20 h in yeast (in vivo) and >10 h in E. coli (in
vivo). N-terminal Arg, Lys, Leu, Phe, Tyr and Trp residues decrease the
half-life of the protein in E. coli [42].

Stability of the protein was provided by instability index. The
designed protein showed instability index of 40.50% whereas asl
casein was 56.03%. A protein whose instability index less than 40 was
predicted as stable and has the half-life of >16 h; those having above 40
was unstable and has a half-life of fewer than 5 h [43]. The instability
index is related to the half-life of protein. The sequence contained no
regions that are enriched in Pro, Glu, Ser and Thr (PEST) residues as it
may result in destabilization of the protein in eukaryotes systems [43].

The aliphatic index is the relative volume of the protein occupied by
the aliphatic amino acids like lysine, valine, isoleucine and leucine. The
aliphatic index of the Protein Model-54 was 150.80. A high aliphatic
index suggests that the protein have a wide range of temperature
stability [44]. Higher the aliphatic index greater the thermostability of
globular protein [45]. Hydropathicity is the relative hydrophobicity or
hydrophilicity of amino acids residues present in the protein sequence.
Grand average of hydropathicity (GRAVY) was found to be 0.630
(Table 2). It is calculated by adding hydropathy values of each amino
acid residues and dividing by the number of residues in the sequence
[46]. The positive value indicated greater hydrophobicity and the
protein is sparingly soluble in water.

ExPASy peptide cutter: For the proper metabolism, digestion and
absorption of protein in humans, it has to be cleaved or hydrolysed
with digestive enzymes like trypsin, chymotrypsin and pepsin to yield
peptides and free amino acids. The server shows the probability of the

sequence cleaved by many enzymes. Table 3 summarizes the results
obtained by the peptide cutter tool. The total number of cleavages
for chymotrypsin (high and low specificity), pepsin and trypsin were
found to be 9, 42, 36 and 6, respectively (Table 3), which indicated that
the digestion rate of the protein is good.

Secondary structure and tertiary structure prediction

Protein 3D structure predicted by Raptor X: The server generated
the 3D structure of the given protein sequence along with the PDB
format that opened through the Discovery software. The structure had
four a-helices that are connected by the coils, and is devoid of B-sheets
(Figure 1A.b). The structure contained 95% helix, 0% strands, and 5%
coil. The p-value is 1.65e-02, uGDT (GDT) is 45(45), uSeqld (Seqld) is
16(16) and Score is 92. The p-value indicates the quality of the model.
Smaller the p-value better is the quality of the model. The score is the
alignment score lying between 0 and domain sequence length, where
0 being the worst. This shows that the designed protein is good and
acceptable [47].

Protein 3D structure predicted by I-TASSER: I-TASSER is one
of the methods of predicting the 3D structure and function of a model
protein. The result obtained from the I-TASSER server showed the
presence of only a-helical structures with coils, with no -sheets (Figure
1A (c)). The quality of predicted protein structure was estimated by
confidence score (C-score). The server gives 5 best structures in the
PDB format, and based on the best or highest C-score value, one of
them will be selected. C-score value usually comes in the range of -5
to 2, which is calculated based on the threading alignment. C-score of
higher value signifies that the model is predicted with high confidence.
The server generated 5 models viz. Model 1, Model 2, Model 3, Model
4 and Model 5 whose C-score values were -3.29, -2.62, -4.52, -4.56
and -3.32 respectively (Table 4). The best model was selected based on
C-score value (-3.29) with the estimated accuracy of 0.35 + 0.12 (TM-
score) and RMSD 11.3 + 4.5A (Table 4). TM-score (metric to measure
the similarity between two proteins) and RMSD are used to measure
the structure similarity between two structures which in turn measures
the accuracy of structure modeling using the native structure as a
reference.

The cluster density is the number of structure decoys (low-
temperature replicas) at a unit of space, and a higher cluster density
means the structure occurs more often in the simulation trajectory and
therefore considered a better quality model. The number of decoys in
Table 5 represents the number of structural decoys that are used in
generating each model [32]. B-factor is the thermal mobility of amino
acids or atoms present in the proteins. The normalized B-factor profile
of all the residues was less than 0 (Figure 1B), so they are considered
stable, as described by Yang and coworkers [48].

Protein functionality predicted by PROFUNC server: PROFUNC
can able to predict the secondary structure, 3D structure and function
of protein. PROFUNC server is also used to study the biochemical
function of a protein such as conserved regions, active sites, functions
of templates, etc. from its 3D structure. The server provided the 3D
structure of the designed protein that contained five a-helical structures,
packed closely with coils, and is devoid of any B-strands (Figure 1A
(d)). The result also showed that the protein sequence contained only
a-helices and coils but not p-sheets (Figure 1C). It revealed that the
protein contained 77.0% of a-helix, 23% of other structure (coil) and
0.0% [-sheets (Table 5). The overall average G-factor of the designed
protein was 0.01. Dihedral angles and main chain covalent forces
were taken into consideration under G factors [33]. The functional
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Figure 2: Protein sequence showing homology of target to template: A) Protein Model-54 showing homology to template by allergenonline.com, B) CLUSTAL W2.1
multiple sequence alignment of template and target models, and C) Pairwise sequence alignment between template and target models using EMBOSS Stretcher
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Name of enzyme

Chymotrypsin-high specificity (C-term to
[FYW], not before P)

Chymotrypsin-low specificity (C-term to

No. of cleavages Positions of cleavage sites (amino acid residue numbers)
9 25, 26, 36, 56, 58, 61, 71, 92, 95

1,3,5,6,9, 11,13, 18, 21, 22, 23, 25, 26, 32, 36, 39, 43, 47, 52, 56, 58, 61, 62, 64, 68, 70, 71, 72, 76,
77,81, 82, 83, 85, 86, 89, 92, 93, 95, 96, 99, 100

2,3,5,6,13,17, 18, 22, 31, 32, 38, 39, 42, 43, 46, 51, 52, 63, 64, 67, 68, 76, 77, 80, 81, 84, 88, 89, 92,

2,3,5,6,13,17, 18, 22, 31, 32, 35, 36, 38, 39, 42, 43, 46, 51, 52, 55, 56, 57, 58, 60, 61, 63, 64, 67, 68,
70, 71,76, 77, 80, 81, 84, 88, 89, 91, 92, 92, 93, 94, 95, 95, 96, 98, 99, 99, 100

[FYWML], not before P) 42

Pepsin (pH 1.3) 36 93, 95, 96, 98, 99, 99, 100
Pepsin (pH>2) 50

Trypsin 6 8, 12, 19, 24, 31, 45

Table 3: Cleavage of amino residues by trypsin, chymotrypsin and protease enzymes generated by ExPASy peptide cutter.

Name | C-score E’é’;'o 12" Exp. RMSD d";‘;'o ‘;fs g::fstlf;
Model 1| -329 | 0.35+0.12 11.3t45 2502 0.0618
Model 2 -2.62 - - 1440 0.1208
Model 3| -4.52 - - 574 0.0181
Model 4 -4.56 - - 571 0.0173
Model 5| -3.32 - - 1347 0.0597

Table 4: C-score of 5 models from I-TASSER.

prediction of the designer protein was listed in Table 5. The low values
suggest that the designed protein have no biochemical or biological
function (Table 5).

RMSD by SuperPose server

SuperPose tool was used to generate sequence alignments, structure
alignments, PDB (Protein Data Bank) coordinates, RMSD statistics and
super imposed molecular images of template and target models [34].
The sequence alignment of template and target models of SuperPose
tool (Figure 3A) showed almost similar with that of pairwise sequence
alignment (Figure 2C). The similarity of target model for the whole
length template (bovine asl casein) was low (26.7%), and thus the
truncated template was used, which showed a similarity of 42.3%. The
overall RMSD values of alpha carbons, back bone and heavy atoms of
superposition truncated template and target models was 2.27 A (Figure
3B), which was better than the full length sequence (RMSD=4.58 A).
The ribbon shaped superposition images of template (red color) and
target (yellow color) models were also generated from the SuperPose
server (Figure 3C). Based on these results, it can be confirmed that
both the truncated template and target protein models have similar
structures.

Model visualization programs for protein models

The structure produced from the 3D predicted servers were
visualized through Pymol tool, Discovery tool and UCSF Chimera tool
(Figures 4a-4c). These software were used for the better visualization of
the 3D structures [49,50]. It is very clear from the visualized structures
that Protein Model-54 contains only a-helix and coils, and is devoid of
any B-sheets.

Structure analysis and validation

The validation and evaluation of the protein structure were
performed by SAVE:s server, a well-known protein structure validating
program. Additionally, protein structure validation was evaluated by
ProSA-web server. The structural images (Jmol C* trace) of Protein
Model-54 was generated by ProSA-web, where the amino acid residues
are colored from blue to red with increasing residue energy (Figure
5A). Red color indicates the high residue energy [38,51].

Two important protein evaluation programs were utilized to check
the stereochemistry of the model. ERRAT showed that the overall

quality of the Protein Model-54 was 88.04 (Figure 5B). Normally, a
score of 50 is acceptable [52]. The overall quality of bovine asl casein
was found to be 80.68, which is slightly lesser when compared to
modeled protein. VERIFY 3D was also used to validate the refined
structure. The results revealed that 60% of the residues had an averaged
3D-1D score >0.2 for modeled protein, and 24.73% of the residues
had an averaged 3D-1D score >0.2 for bovine asl casein template.
Modeled 3D structure of nitrogenase iron protein of nitrogen fixing
Actinomycete Arthrobacter species was evaluated by ERRAT, VERIFY
3D, PROVE and PROCHECK, and had similar scores [53]. ERRAT and
Verify 3D confirm the quality of predicted 3D structure [44], and the
predicted structure of Protein Model-54 was found to be good, stable,
reliable and consistent.

The Ramachandran Plot by PROCHECK was depicted in Figure
5C. Ramachandran plot generated by PROCHECK revealed that 89.9%
of the amino acid residues were in the most favored region, 7.2% in
additional allowed region, 2.1% in the generously allowed region and
1.0% in the disallowed region (Table 6). The bottom left box indicated
the presence of right-handed a-helix. The red region indicated the
favored region where no steric clashes occur (Figure 5C). These results
showed that the majority of amino acids fall in phi-psi distribution,
which is in consistent with right-handed a-helix, as described elsewhere
[44]. Ramachandran plot revealed that the designed Protein Model-54
was good, stable, and reliable.

Z-score of the protein model was -4.22 indicated as a large dark
dot which was within the range of scores usually found for the native
protein of equivalent sizes (Figure 5D). Z-score was determined by
X-ray crystallography (light blue) or NMR spectroscopy (dark blue)
with respect to the length of protein chains in PDB. In the energy
plot, the positive value shows the problematic or erroneous part of the
model structure (Figure 5E). The plot of single residue energy (Figure
5E) indicated that the quality of protein is good, and is devoid of error,
since the values are negative. ProSA-web tool, ERRAT and PROCHECK
were used for Structural evaluation and validation [51,52,53]. This
validation result of target protein indicates that the predicted Protein
Model-54 is best, reliable, stable, consistent and highly acceptable.

The amino acid sequence of the Protein Model-54 was further
modified by removing the initial N-terminal Met, and by adding hexa
Histidine tag at the C-terminal end. The protein model was checked
with the software mentioned above, and found no difference in the
predicted model. The protein sequence will be reverse-translated to
DNA sequence, and the synthetic DNA obtained will be cloned and
over-expressed in Pichia pastoris or E. coli. The expressed protein will
be used for characterization studies of the protein for its toxicity and
in vitro- and in vivo-digestibility. The dietary effect of this designer
protein will be studied in PKU induced rats. The expected outcome of
this work may be of high nutritional significance for PKU patients.
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A # Identity: 38/123 (31.7%)
# Similarity: 52/123 (42.3%)
# Gaps: 32/123 (26.0%)
# Score: 59.0
#
#
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Figure 3: SuperPose Version 1.0. A) Sequence alignment between truncated template and target. B) RMSD. C) Superposition of truncated template and target.

a

b C

Figure 4: Molecular visualization of 3D structures of target protein from molecular graphics programs: a) PyMOL, b) Discovery studio, and c) UCSF Chimera tool.

Conclusion

Here we have shown that how different bioinformatics tools can
be used and applied to design a small protein enriched with LNAA
(except Phe). Out of 63 different models designed, Protein Model-54
was selected based on sequence similarity to template (61.4%),

compact 3D structure containing only a-helices and coils without
B-sheets (QMEAN score of 0.567). The protein sequence of the
Protein Model-54 contained histidine: isoleucine: leucine: methionine:
tyrosine: threonine: tryptophan: valine in the ratio 6: 9: 20: 8: 6: 9: 3:
13 respectively. Bioinformatics software tools like, SWISS-MODEL,
EXPASY tool; PROFUNC, I-TASSER, RaptorX, ProSA-web and
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Figure 5: Validation of protein model-54: A) Jmol Ca trace by ProSA web, B) Overall quality by ERRAT, C) Ramachandran plot by PROCHECK, D) Z-score by

Table 5: Functional prediction of protein model-54 by Profunc server.

SAVeS server were used for the structure prediction, and validation
of the designed protein. Protein Model-54 was designed using bovine
asl casein as template. The data generated by the secondary structure
prediction servers were matching with one another showing that the
sequence contained only a-helices and coils, and lacks B-sheets. The

Profunc ‘ Protein model-54 Plot statistics % of Residues
Secondary structure summary Residues in most favored region 89.9
Strand 0 (0.0%) Residues in additional allowed region 7.2
Alpha helix 77 (77.0%) Residues in generously allowed/outer region 21
3-10 helix 0 (0.0%) Residues in disallowed region 1.0
Other 23 (23.0%) Number of non-glycine and non proline-residues 97
Total residues 100 Number of end residues (excl. Gly and Pro) 2
Cellular component Number of glycine residues (shown as triangles) 0
Cell 5.73 Number of proline residues 1
Cell part 5.73 Total number of residues 100
Intracellular 5.73 Table 6: Ramachandran plot from SAVeS server (PROCHECK).
Intracellular part 5.73
Biological process sequence was not showing any similarity to known allergens, and
Cellular process 8.85 the protein was completely hydrolyzed with chymotrypsin, pepsin,
Metabolic process 8.2 and trypsin, indicating good in silico digestibility of the protein. The
Primary metabolic process 7.01 structure was stable as the N-terminal amino acid was Met and the
Cellular metabolic process 6.78 sequence contained no regions that are enriched in Pro, Glu, Ser and
Biochemical function Thr residues. The Ramachandran plot showed that 89.9% of the amino
Binding 7.40 acid residues were in the most favored region, 7.2% in additional
Catalytic activity 5.38 allowed region, and 2.1% in the generously allowed region, with
Nucleic acid binding 3.87 ERRAT score of 88.04. Ramachandran plOt, ERRAT and VERIFY 3D
Metal ion binding 3.30 results showed that the designed protein structure was the best, stable,

reliable and consistent model. The results clearly indicate that the available
bioinformatics tools can be used for homology modeling to design proteins
for specific purposes, especially for human health and nutrition.
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