www.ajlifesciences.com /ISSN: 2663-1040  AJ Life Sci. 2022, 5 (1): 72-83

\ Open Access
(()‘ Abasyn Journal of Life Sciences ’

AJLS DOI:10.34091/AJLS.5.1.7

In silico Analysis of PRODH Mutations and their biological significance in disease
etiology

Muhammad Muzammal*!, Muzammil Ahmad Khan'-2, Sana Fatima?l, Abida Bibil, Shahzadi Raheela
Anum?, Sumra Wajid Abbasi3, Ansar Ahmad Abbasi?, Iftikhar Ahmed?! and Syed Shakil Abbas!

1Gomal Centre of Biochemistry and Biotechnology, Gomal University, Dera Ismail Khan 29050, Khyber
Pakhtunkhwa, Pakistan

2Department of Human Genetics, Sidra Medical and Research Centre, Doha 26999, Qatar

3Department of Biological Sciences, National University of Medical Sciences, Rawalpindi, Pakistan
“Department of Zoology, Mirpur University of Science and Technology, Mirpur, AJK, Pakistan.

Article Info:

Received:
In the present study, we performed in silico analysis on all reported gD E 20z
mutations of PRODH in order to investigate their biological significance. 3D Zz;z'svteg:%;ezd:
models of wildtype and mutant PRODH were predicted using I-TASSER. Accepted:l
Protein-protein docking was done with Cluspro, while protein-substrate August 22, 2022
docking was done with Auto Dock tools. Alignment of 3D models (various Available online:
mutant with wildtype) revealed that Arg185GIn (73.83%) and GIn19Term SeptemaaT i, 200
(6.25%) had the highest and lowest similarity indices, respectively. Enzyme
pocket prediction identified the second largest active site pocket containing
substrate proline binding residues Leu527, Tyr548, and Arg563. Moreover, *Corresponding Author:
docking of mutant and wildtype PRODH with its close interactor ALDH4A1 Mustafamuzammall@yaho
showed differences with respect to position and nature of interacting o.com
amino acids residues. We observed that the nature of amino acid
substitution and the number of bonds affect the binding of proline
molecule with enzyme, and therefore, affect its biological activity.
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1. INTRODUCTION

Proline dehydrogenase, also known as proline oxidase, is a mitochondrial enzyme, encoded by PRODH
gene. In human body, proline dehydrogenase enzyme mostly expresses in the brain, kidney and liver.
Within the cells, proline dehydrogenase has role in energy production®?. Biochemically, this enzyme is
involved in catabolism of amino acid proline by first converting it to pyrroline-5-carboxylate and then
converts this intermediary product to the amino acid known as glutamate3. The conversion between these
two amino acids i.e. proline and glutamate, within the cell is very vital in keeping a supply of the amino
acids required for protein production and also for the transfer of energy*®. Decreased function of proline
dehydrogenase enzyme results in the accumulation of amino acid proline in the body (hyperprolinemia)?
with reduced level of glutamate. And, in severe cases of hyperprolinemia, it may cause intellectual disability
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(ID), kidney failure, seizures, psychiatric problems and/ or other neurological phenotypes. Researchers
believe that accumulation of proline may affect the action of different chemicals in the body that acts as
neurotransmitters, and resultin different psychiatricdisorders such as schizophrenia®’.

Human genome mutation database (HGMD) database has enlisted 24 missense/nonsense mutationsin the
PRODH gene to be involved in affecting the activity of proline dehydrogenase enzyme. Among these 24
reported mutations, 22 mutations substitute one amino acid with anotheramino acid (missense mutation)
8910 while only 2 mutations results in early truncation of the PRODH protein (non-sense mutations) 1.
Most of these reported mutations compromise the efficacy of proline dehydrogenase enzyme *°.

The current in silico study was designed to check and compare the functional impact of all reported
mutations in PRODH enzyme through protein modelling and docking, taking into account the
aforementioned evidence.

2. MATERIALS AND METHODS

The data of all reported mutations in PRODH were obtained from HGMD database 2, while the protein
sequence was obtained from Ensemble genome browser 3. For structural analysis of normal and all PRODH
mutants, 3D models were predicted using I-TASSER *. Models with highest C-score were selected for
further investigations. Visualization of 3D models were done using UCSF Chimera 1.13.1 . To investigate
the differences caused by mutations, 3D models of normal and all mutant PRODH were superimposed using
the Chimera.

Protein-protein docking, for normal and all mutant PRODH with their close functional interactor ALDH4A1,
was done using online tool Cluspro!®. However, the close functional interactor of PRODH was predicted
through String v9.1 database !’. Similarly, protein-substrate docking of normal and mutant PRODH with
proline molecule was carried out through Autodock Vinaand-MGL8. Protein-substrate docked complexed
were analyze through discovery studio 2020. Nonetheless, enzyme active site or binding pockets of
wildtype PRODH were predicted using online tool CASTp *°.

3. RESULTS AND DISCUSSIONS

It was observed that amino acid polarity and structure of side chain had significant impact on enzyme
activity. For example, Pro406Leu and Leu441Pro, where cyclic amino acids were being replaced by aliphatic
amino acids, showed severe effect. While, mild to moderate effect was observed where nonpolar but
neutral amino acids were replaced by polar but uncharged amino acids and vice versa. However, this
classification is very weak and cannot be implemented on all cases. The structural findings are described as
follows;

3.1 Structural analysis

The 3D models of all reported PRODH mutations (Supplementary figure 1) were superimposed with 3D
models of wild-type PRODH protein (Figure 1). The manual comparison of these models observed
remarkable structural differences, which were measured in the form of similarity indices.

Among all the models, highest similarity index of wild-type PRODH protein with mutant was shown by
Argl85GIn (73.83%), while the lowest similarity index was shown by mutant Leu441Pro + Leu441Pro/
Arg453Cys and Thrd66Met + Thrd66Met/Arg453Cys, which was 41.17% (Figure 2). Complete detail of
similarity indices of all the models are summarizedin table 1.

3.2 Active site predication.

The wild-type PRODH protein's active site prediction revealed three major active sites. Among the three
largest active sites, the second largest pocket was found to contain amino acids involved in substrate
binding (proline). Leu527, Tyr548 and Arg563 are among the substrate interacting amino acids. The
complete description of amino acids and its position, present in these three largest pockets, are
summarized in supplementary table 1. The top three largest active site pockets of PRODH protein are
illustrated in figure 3. It was also observed that residues in which substitution resulted in severe effect on
activity of proline dehydrogenase enzyme were mostly presentin the 2nd largest active site pocket. These
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residues include Leu4d4l, Gly444, Arg453, Thrd66 and GIn521.While, residue Pro406, exhibiting severe
effecton enzyme activity, was presentin the 1st largest active pocket of PRODH protein.
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Figure 1: The superimposed 3Dimages of wildtype PRODH protein with all reported mutant proteins
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Figure 2: (a) 3D model of mutant (T466M+T466M/R453C) protein. (b) Superimposed structure of mutant
(T4A66M+T466M/R453C) and normal PRODH protein. (c) 2D model of mutant (T466M+T466M/R453C)
protein docked with proline molecule (d) 3D model of mutant (L441P+L441P/R453C) protein (e)
Superimposed structure of mutant (L441P+L441P/R453C) and normal PRODH protein. (f) 2D model of
mutant (L441P+L441P/R453C) protein docked with proline molecule.
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Table 1: Nature of wild-type and Substituted amino acids in mutant PRODH protein.

Nature of Mutation Effect on Similarit  Ref.
Mutation = Wild-type amino acid Substituted Amino Acid enzyme y Index
Class Polarity = Charge | Class Polarity Charge activity of
mutant
and
normal
protein
Pro8Leu Cyclic Nonpolar = Neutral | Aliphatic Nonpolar Neutral Moderate 69.33% 10
ArgllPro Basic Basic Positive | Cyclic Nonpolar Neutral Mild 72.83% 9
polar
GIn19Pro = Amide Polar Neutral = Cyclic Nonpolar Neutral Moderate 66.11% 8
GIn19Ter | Amide Polar Neutral Termination occurred Severe 6.25% 11
m
Pro30Ser Cyclic Nonpolar | Neutral = Hydroxylic Polar Neutral Mild 58.50% 9
Ala58Thr | Aliphatic Nonpolar = Neutral | Hydroxylic | Polar Neutral Moderate 68.33% 9

Alal67Va Aliphatic Nonpolar | Neutral = Aliphatic Nonpolar Neutral Moderate 69.17% 8
|

Argl85Gl ' Basic Basic Positive | Amide Polar Neutral Mild 73.83% 8
n polar
Argl85Tr Basic Basic Positive = Aromatic Nonpolar Neutral Moderate 61.33% 8
p polar
Thr275As = Hydroxyli | Polar Neutral = Amide Polar Neutral No 58.00% 9
n o detriment

al effect
Leu289M Aliphatic Nonpolar = Neutral | Sulfuric Nonpolar Neutral Mild 43.17% 8
et
Pro406Le @ Cyclic Nonpolar = Neutral | Aliphatic Nonpolar Neutral Severe 56.83% 8
u
Asp426A  Acid Acidic Negativ. = Amide Polar Neutral Moderate 52.00% 8
sn polar e

Vald27M | Aliphatic Nonpolar | Neutral | Sulfuric Nonpolar Neutral Moderate 57.67% 8
et

Argd31Hi Basic Polar Positive | Aromatic Basic Positive, Moderate 66.33% 8
S polar
Leud441Pr Aliphatic Nonpolar = Neutral | Cyclic Nonpolar Neutral Severe 65.00% 8
o
Gly444As Aliphatic Nonpolar | Neutral = Acid Acidic Negative | Severe 61.50% 10
p polar
Argd53Cy Basic Basic Positive | Sulfuric Nonpolar Neutral Severe 68.00% 8
s polar
Alad55Se  Aliphatic Nonpolar = Neutral | Hydroxylic = Polar Neutral Mild 57.83% 8
r
Thr466M = Hydroxyli | Polar Neutral | Sulfuric Nonpolar Neutral Severe 51.50% 8
et C
Alad72Th  Aliphatic Nonpolar = Neutral | Hydroxylic = Polar Neutral Mild 57.67% 8
r
GIn521GlI | Amide Polar Neutral | Acid Acidic Negative | Severe 61.00 8
u polar
GIn521Ar | Amide Polar Neutral = Basic Basic Positive Enhance 58.67% 8
g polar activity
GIn526Te | Amide Polar Neutral Termination occurred Unknown 61.60% 20
r effect
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Figure 3: (a) Active site pocket of normal 3D structure of PRODH protein (b) 3D structure of normal PRODH
protein highlighting the site of all PRODH protein mutation (Green)

3.3 Protein-Protein Docking.

Protein-protein docking was carried out between wild-type and all the mutant PRODH protein with their
close interactor ALDH4A1 protein and remarkable differences in the interacting sites of wild-type and
mutant PRODH proteins were observed. Docking revealed that wild-type PRODH protein interacts with
ALDH4A1 protein through 12 different residues i.e.Arg598, Arg4d51, Ala252, Arg225, Lys234, Ser26, GIn29,
Trp254, Leu20, Ser248, Thr22 and GIn246 via 16 interactive forces (15 hydrogen bond and 1 unfavourable
bond). However, among all the mutant PRODH proteins, Arg431His interacted with ALDH4A1 protein by 24
bonds (23 hydrogen and 1 unfavourable bond) via 19 different residues. While lowest interaction was
shown by Thr466Met +Thr466Met/Argd53Cys protein, wherein the mutant protein interacted with
ALDH4A1 through 5 bonds (4 hydrogen and 1 unfavourable bond) involving 4 different residues.
Diagrammatic representations of all the protein-protein interaction between normal and mutant PRODH
protein with close interactorare shownin figure 4 (a,b,c).
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Figure 4 (a,b,c): Protein— Protein interaction of normal and all mutant PRODH protein with close interactor
ALDH4A1 protein.

3.4 Protein-Substrate docking.

To better understand the interaction mechanism of proline, a substrate, with the wild type as well as
mutant proteins, protein-substrate dockings were also performed. Wild-type PRODH was interacting with
proline molecule by 3 bonds (1 hydrogen and 2 alky bond) via three residues i.e. Arg563, Tyr548 and
Leu527. Highest protein-substrate interaction was shown by Pro8Leu variant, wherein the mutant protein
showed interaction with proline molecule by 10 bonds (5 hydrogen, 4 alky and 1 unfavorable bond) through
7 differentresidues.
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However, the lowest protein-substrate interaction was shown by GIn19Ter variant. Wherein the mutant
GIn19Ter protein was unable to interact with the proline molecule due to shortshortened structure.

All the interacting residues of mutant PRODH proteins with proline molecule were differentas compared to
wild-type. 2D representations of all the protein-substrate interaction between wild-type and mutant
PRODH protein with proline molecule are in shown in figure 5 & supplementary figure 2. Similarly,
compound mutanti.e. Thr466Met+Thr466Met/Arg453Cys protein was interacting with proline molecule by
only 1 bond (unfavorable Donor Donor Bond) through a single residue, and compound mutant Leu441Pro +
Leud441Pro/Arg4a53Cys protein was unable to dock with proline molecule as shown in figure 2.

PRODH gene is present on chromosome 22q11.21, a region that is also reported to be associated with the
contiguous gene syndrome, DiGeorge syndrome. This gene consists of 15 exons and spans over 23.77 Kb of
DNA. The translational product of largest transcript encodes 600 amino acids long protein . This protein
acts as a proline dehydrogenase enzyme (also known as proline oxidase). Proline dehydrogenase is a
mitochondrial enzyme that converts proline to Al-pyrroline-5-carboxylate and then to glutamate.
Glutamate is the chief excitatory neuro-transmitter in the brain . PRODH mainly express in brain, lungs
liver and kidney. Any pathogenic DNA change (either homozygous or compound heterozygous) in PRODH
result in a condition known as hyperprolinemia type 1 (MIM#239500) and susceptibility to schizophrenia 4
(MIM# 600850). Mutation in PRODH basically affects the activity of proline dehydrogenase enzyme, which
results in accumulation of proline and deficiency of glutamate in the body®. This metabolic failure leads to
various clinical consequences like intellectual disability (ID), kidney failure, seizures, psychiatric problemsor
otherneurological phenotypes?.
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Figure 5: 2D representations of all the protein-substrate interaction between wild-type and mutant PRODH

protein with proline molecule.
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The investigators also found that a strain of mouse deficientin PRODH activity due to a mutation at PRODH
exhibited deficits in prepulse inhibition of startle, a physiological trait often impaired in patients with
schizophrenia?!.

HGMD database has enlisted 24 missense/nonsense mutations that are involved in impaired activity of
proline dehydrogenase enzyme. Based on the level of reduction in enzyme activity, these mutations are
divided into mild (>30% reduced enzymatic activity), moderate (>50% reduced enzymatic activity) and
severe (>70% reduced enzymatic activity) mutations °1°. However, the investigators have also reported a
missense mutation (GIn521Arg) that enhance the activity of enzyme (>120%) °. In the current study, we
tried to investigate the structural and functional impact of all reported mutations in PRODH and relate it
with enzymatic activity of proline dehydrogenase. At position 521, PRODH-203 transcript had 521Arg and
PRODH-215 transcript had 521GIn amino acid. So both are the natural variants of PRODH protein, while
enhanced enzymaticactivity due to this substitution, may be due to substitution of neutral amino acid (GIn)
with positively charged amino acid (Arg).Which enhance the binding efficiency of protein with substrate
proline. Q19Term mutations was severely reducing the activity of the enzyme due to short truncated
premature protein. All other PRODH mutations showed variable degrees of results in 3D structures and
binding to its substrate proline. The description of all reported mutations in PRODH and their documented
effecton the activity of proline dehydrogenase enzyme is summarized in table 2 and supplementry table 1.

Table 2: Numberof bonds and nature of amino acids docked with substrate proline molecule in all reported
PRODH protein mutations

Mutation Numberand nature of Position and nature of bonded amino acid
bonding
H Alkyl ' C-H Unfav  Polar Non-Polar Basic | Acidic
bond bond bond orable polar  Polar
bonds
Wild-type | 2 1 - - Tyr548 Leu527 Arg56 | -
3
Pro8Leu 5 4 1 - - Alad96,Vald42,leu527,G  His49 @ Glu56
ly444 8,Argd 7
43
ArgllPro 4 1 - - - Gly229,Phe301,Trp300  Arg22 = Asp22
4 8
GIn19Pro 2 1 - - - Leul50 Glul4
7,Glu
556
GIn19Term Unable to dock with proline molecule due to small truncated protein
Pro30Ser 4 2 - - GIn123,T  Gly552,Phe187 Arg2l Glul2
yrla4 7 1
Ala58Thr 1 1 - - Thrd411 Ala381
Alalé7val 3 4 - - Leu527,Vald42,Ala496 Arg56 | Glu56
4,His4  7,Asp
98 178
Argl185Gin | 2 2 - - Asn410 Ala491,Val427 Asp42
6
Argl85Trp 2 2 - 1 Ser569 Vald6,Pro49 Arg32 -
4
Thr275Asn 3 1 - 3 GIn123,S | - Arg21l | -
er210, 7
Tyrl44,T
hr214
Leu289Met 2 2 1 - GIn533 Ala186,lle534 Arg57 | Glu50
9 0
Pro406Leu 1 1 - - Leu561 - Glu60
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Aspd426Asn 1 Asn568 Ala52,Ala565,Phe113 Arg63
Val427Met 2 Tyr560,Ty | Leu527 Arg56 @ Asp38
r548 3 0
Argd31His 2 Asn499,A  Leu595,Pro599,Gly574 - -
sn594
Leud441Pro 2 Thrl12 Leu20,Phel17,Phel113 - -
Glyd44Asp 2 Tyrd67 - Argh6 @ Asp4d4
3 4,Glu
567
Argd53Cys 5 Tyr551,Gl | Pro553 Arg2l | Glul2
n123 7 1
Alags5Ser 1 Tyr200 Met555,Phe201, Trp254 Glul4d
8
Thrd66Met 2 Asn499 Val442 His49 | Glu56
8,Argd 7
43
Alad72Thr 4 3 - - Tyr446, Leu527, Ala445 Arg56  Asp38
Tyr548 3,Lys2 O
34
GIn521Glu | 1 3 - - Tyrl44 Ala237,Leu238,lle233
GIn521Arg 3 1 2 - - Met555,Pro559 Lys20 @ Glui4
7 7,Glu
154,
Glul5
8
GIn526Ter | 2 - - - - Arg2l | Aspl2
m 7 2
Thrd66Met - - - 1 580GIn - - -
+Thrd66M
et/Arg453
Cys
Leud41Pro No protein substrate bonding were noted just Van der waal forces were noted
+
Leud41Pro
/Arg453Cy

S

Our results also supported the study of Jacquet et al. (2002) that it is difficult to individually estimate the
impact of PRODH mutations and their effect on the activity of proline dehydrogenase enzyme, because in
most cases the individual with abnormal plasma proline levels are not simply homozygotes for a single
deleterious mutation or compound heterozygotes, but may carry clusters of several protein variants, and
each of them contribute collectively in the enzyme activity °. As previously noted, several individuals
bearinga potentially deleterious genotype had only mild hyperprolinemia with benign phenotypes because
it seems unlikely that such a slight increase in proline level is sufficient to produce a detrimental effect 22.
To confirm the finding of previous studies, we predicted the 3D models of mutation
Thra66Met+Thr466Met/Arg453Cys and Leud41Pro + Leu441Pro/Arg453Cys 2°?2, and docked them with
proline molecule and found that these collective mutations further reduced the activity of PRODH protein
to bind to its substrate proline as compared to all single mutated PRODH proteins. Also protein-protein
interaction of mutation Thr466Met+Thr466Met/Argd53Cys with close functional interactor ALDH4A1
protein was also reduced as compared to mutation Thr4d66Met and Arg453Cys solely?3. So, we suggest that
most of the time single deleterious homozygous mutation is not enough to cause a disease phenotype, it
may require other heterozygous mutation and/or mutations to show their deleterious effect on enzyme
activity.
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4. CONCLUSIONS

In brief, we observed that nature of amino acid substitution and number of bonds affect the binding of
proline molecule with proline dehydrogenase enzyme and hence affectits activity. In addition to the nature
of mutation, we have also observed that the severity in loss of proline hydrogenase function depends on
the number of mutations thatappear in a single protein, i.e. the more the number of mutation perprotein
the more will be the severity.
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