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Abstract
Retinitis Pigmentosa, a blindness with acquired and hereditary origins, includes 2 percent of global cases
of blindness. RP10, a gene involved in autosomal dominant form of the RP, encodes for isoform 1 of
inosine 5'-monophosphate dehydrogenase (IMPDH1). IMPDH1, the rate-limiting enzyme in the purine
nucleotide de novo synthesis pathway, retinal isoforms are identi�ed as the root cause of observing
diverse phenotypes of IMPDH1 mutations in other tissue cells in comparison to the retinal
photoreceptors. Considering previously reported signi�cant varied kinetic activity among retinal isoforms,
the central focus of the current article is prediction of possible structural explanations. The recombinant
604-isoform lacking carboxyl terminus peptide fragment has been used in proteolytic digestion with α-
Chymotrypsin as a means of detecting intermolecular interactions. Dimer models of wild type 604-
isoform were subjected to molecular dynamics (MD) simulation. Our results indicated that a 604-isoform
lacking C-terminal peptide tends to have a more accessible surface and thus a more rapid proteolysis.
Our computational data predict a possible spontaneous inhibition due to formation of a novel helix in
GTP binding site in the engineered protein.

Introduction
Retinitis pigmentosa (RP), �rst diagnosed by Donders in 1858, is an acquired and inherited blindness
which till date, 13, 21 and 5 genes have been reported to cause the autosomal dominant, autosomal
recessive and x-linked inheritance patterns, respectively. Mutations in RP10 gene, coding IMPDH1 (EC:
1.1.1.205), has been accounted for the autosomal dominant form of RP [1]. IMPDH1, the rate-limiting
enzyme in purine nucleotide de novo synthesis pathway, catalyzes the conversion of IMP to xanthosine
monophosphate (XMP) using a NAD+ molecule as cofactor [2, 3]. In Mus musculus, in addition to the
canonical isoform containing 514 amino acids, retinal isoforms containing 546 and 604 aa have also
been reported in mammalians. The 546 isoform has a 32 aa peptide on the carboxyl terminal of the
protein sequence. Also, 604-isoform contains an extra 57 aa peptide on the amine terminal in addition to
the carboxyl peptide present in both 546- and 604-isoforms. It has been reported that 604-isoform
contains 595 aa in Homo sapiens [4, 5].

Structure of IMPDH1 consists of a catalytic domain with (β/α)8 or TIM barrel conformation and two
tandem CBS subdomains. The active site of the enzyme consists of Cys319, located at the carboxyl end
of the β-sheets in a GIGPGSICTT motif [6–8]. catalytic �ap, a twisted β-sheet on the C-terminal of
catalytic domain, is of assistance in formation of a pseudo barrel in octameric conformation of the
enzyme. This domain is located between α8 and β8 of the catalytic domain and has two conserved
amino acids, Arg418 and Tyr419, which have been reported to play a crucial role in activating a water
molecule essential for catalytic activity of the enzyme [9, 10]. CBS subdomains, responsible for regulation
of the activity and formation of octameric structures of the enzyme, possess three nucleotide binding
sites. The combination of GDP/GTP or ATP molecules binding to these binding sites have been proven to
play a key role in attenuation or elevation of the catalytic activity of the enzyme [11–13]. Also, it has been
noted that occupation of �rst and second binding sites by GDP/GTP molecules results in a decrease in
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catalytic activity [11, 12]. Moreover, among the identi�ed RP-related mutations in IMPDH1, R224P and
D226N (HsIMPDH numbering; equivalent to R226P and D228N in Mus musculus) are in nucleotide
binding sites of CBS subdomain [11].

On a previous computational study on structural properties of retinal isoforms, the possible role of C/N-
terminal peptides in regulation of catalytic activity has been denoted [14]. In a recent study, it has been
shown that a Homo sapiens 595 aa isoform lacking the carboxyl terminal peptide has three-fold decrease
in GTP sensitivity due to the formation of the �laments. This study pointed out the �lamentation
characteristics as the main factor of inhibition and catalytic activity variance in the wild type and
engineered protein [15].

A study by Nimmesgern, et. al in 1996 performed proteolysis of IMPDH2 in free and substrate-bound
states and concluded a change of proteolytic pattern. Their results demonstrated that an unbound state
of IMPDH2 is more susceptible to protease activity than the substrate bound states [16].

Lacking X-ray crystallographic studies on the structure of retinal isoforms, here, in order to investigate the
unidenti�ed internal interactions in presence and absence of C-terminal peptide of murine retinal 604-
isoform, computational approaches were taken. Also, by comparing proteolytic digestion patterns of the
recombinant and wild type 604-isoform, possible conformation changes due to the C-terminal peptide
were studied.

Methods

Chemicals and reagents
All restriction endonucleases, DNA Ligase, Pfu polymerase and α-Chymotrypsin were purchased from
Thermo scienti�c. DNA Ladder and protein size marker were obtained from Thermo scienti�c. All other
chemicals used were from Merck or Sigma.

Cloning and expression of 604-isoform lacking C-terminal
peptide
Using the previously cloned sequence of 604-isoform, the desired protein sequence was ampli�ed with
Pfu polymerase, forward primer including NdeI restriction site; 5'-
GGAATTCCATATGGAGGAACCGCTCTCACC-3' and reverse primer including XhoI restriction site; 5'-
CCGCTCGAGAAACGGCAGAAAGGTATAGG-3'. The ampli�ed PCR products were cloned to pET26b+ vector
and the accuracy of sequence has been assessed and con�rmed by DNA sequencing using T7 promoter
and T7 terminator primers.

Cloned constructs were transformed into E. coli strain BL21 (DE3) and inoculated into 100 ml of Louria
Bertani (LB) medium containing 30 µg/ml kanamycin. Induction was initiated by addition of 1mM IPTG.
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The mixture kept at 20 ˚C for 5 hours while shaking at 200 rpm. Harvested cells were stored at -70 ˚C.

Puri�cation of recombinant proteins
Frozen cell pellets were thawed and resuspended in 3-4 ml of lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 10 mM Imidazole). To the bacterial suspension, lysozyme with the �nal concentration of 30 mg/ml
was added and incubated on ice for 30 minutes. The suspension was sonicated and centrifuged for 30
minutes at 17000 g and 4 ˚C. The resultant supernatant was applied to Ni-NTA column and recombinant
protein puri�ed following the manufacturer's protocol. The protein quantity was analyzed using Lowry's
method [17] with bovine serum albumin as the standard.

Proteolytic digestion
Proteolysis of the protein samples were performed using a 1:100 molecular weight ratio of α-
Chymotrypsin and the protein. Here, to each reaction containing 50 µg of the protein in the elution buffer
(500 mM Imidazole, 300 mM NaCl and 50 mM Na2HPO4) and 0.5 µg of α-Chymotrypsin in 200 µl total
volume, for 0, 2-, 4-, 6-, 8-, 10- and 15-minutes time intervals, 2 µl of 10% SDS was added to stop the
proteolysis. Then, the protein content of each reaction was precipitated by adding 10 µl of 3 M KCl
followed by centrifugation for 5 minutes at 15000 g. The resulting precipitate was dissolved in 1x SDS-
PAGE loading buffer and subsequently analyzed by a 10% SDS-PAGE gel.

MD simulation
Models of engineered protein were built by eliminating the 32 amino acids of C-terminal extension
peptide of 604-isoform structure obtained from a previous study modeling monomer and octamers of
each retinal isoform [14]. In order to discover the interactions of a convex octamer, a dimer structure of
upper and lower monomers of convex octamer were chosen. Using GROMACS 2019.1 simulation
package [18] and CHARMM36 force �eld [19], these models were subjected to molecular dynamics
simulation. First, the structures were solvated with TIP3P water model [20] in a cubic box, a 1 nm distance
between protein and box edges. The system was neutralized by adding su�cient counter charge ions.
Energy minimization of the system was performed by steepest decent method [21]. This was followed by
200 ps of MD simulation in the canonical (NVT) ensemble using Berendsen-thermostat algorithm [22] to
increase the temperature of our system to 300 K, and an additional 200 ps of equilibration under NPT
conditions with Parrinello-Rahman algorithm [23]. The production run was implemented for a 20 ns
simulation time, which is su�cient to relax the residue positions. RMSD and RMSF analyses were
performed using GROMACS tools. The interactions of N- and C-terminal peptides were explored visually
by UCSF Chimera [24].

Results
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Recombinant production of ΔC-fragment 604-isoform
Recombinant 604-isoform lacking C-terminal 32 amino acid peptide was overexpressed in E. coli strain
BL21 (DE3) in a pET26b+ vector. A polyHistidine-tag was located at the C-terminal of the desired protein.
PCR-sequencing of recombinant vector with T7 promoter and T7 terminator primers con�rmed the
accuracy of target gene. Optimum expression of both wild type and the modi�ed recombinant proteins
were reached at 1 mM IPTG, and shaking for 5 hours at 20 ˚C.

protease digestion
In order to study the �uctuations of the 604-isoform structure, proteolytic digestion was carried out. The
expressed puri�ed proteins were digested with α-chymotrypsin for 0, 2, 4, 6, 8, 10 and 15 minutes and
SDS-PAGE analyses were used to assess the resultant bands of the proteolytic digestion. As it is shown in
�gure 1, the protein bands lower than 35 kDa are the products of digestion, while molecular weight of WT
protein is 64 kDa. As is shown on �gure 1, it is well accepted that the mobility pattern of the digested two
samples is different. As in the engineered protein digestion the bands occurred faster and within the �rst
2 minutes, much more digested fragments (MW < 35 kDa) are formed relative to that of the wild type.
This could be interpreted as increased �exibility and extension of structure due to the C-terminal fragment
elimination and more accessibility for α-Chymotrypsin activity.

MD Simulation
MD simulation was utilized in order to obtain a mere understanding of the internal interactions of the C
and N terminal peptides with the other domains, both in engineered and wild type 604-isoforms. Here, a
dimer of proteins was extracted from a convex octamer structure obtained from a previous study in our
lab [15]. The structure of the engineered protein was constructed by eliminating 32 amino acids from the
wild type 604-isoform. To evaluate the stability and �exibility, Root Mean Squared Deviation (RMSD) and
Root Mean Squared Fluctuation (RMSF) were calculated.

The RMSD of all structures converged after 10 ns and stayed stable for the remaining time of MD
simulation. This suggests that the systems, dimers of both wild type and the engineered protein, reached
equilibrium state after 10 ns (Fig. 2).

Additionally, to investigate mean residual movement over the course of time, the RMSF was calculated
for each residue (Fig. 3). As expected, the amino and carboxyl terminal residues of both protein dimers
show higher values than the other protein sites. Although lacking the extended C-terminal peptide, the
carboxy terminal (C-ter) of the engineered protein (Fig. 2, shown in red and yellow) shows higher degree
of mobility compared to the carboxy terminal of the wild type protein (Fig. 2, shown in light and dark
green). The higher RMSF value of the N-ter of engineered protein in comparison with the wild type protein,
also suggests that in absence of C-ter peptide, the restriction of movement on N-ter is eliminated. Despite
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the more �uctuations observed in C- and N-ter of the engineered protein, the average mobility of the
catalytic �ap has declined. This observation might point to a possible internal interaction between the
catalytic �aps in the absence of C-ter peptides.

Carboxyl terminal peptide interactions
During the MD simulation, various interactions between terminal peptides and catalytic �aps of both 604-
isoform monomers were observed. Due to the disordered nature of these peptides, the interactions
between C-ter peptide of one monomer and N-ter, catalytic �ap and carboxyl peptide of the other
monomer was not unexpected. As shown in �gure 4, theC-ter (blue) of the lower monomer, over the course
of MD simulation, was extended and reached to the catalytic �ap (magenta) of upper monomer, while still
partly covering catalytic �ap ofthe same monomer. This interaction was limited to the lower monomer
and the extension of C-ter peptide of the upper monomer to reach the catalytic �ap of adjacent monomer
did not occur. Instead, this peptide covered the catalytic �ap of the same monomer, limiting its mobility.
This observation is consistent with the low RMSF of the catalytic �aps.

Figure 5 illustrates details of interactions between C-ter and catalytic �ap of distinct 604-isoform
monomers. In this interaction hydrogen bonds between Gly472, Ser473 and Asp475 of catalytic �ap and
Thr577, Cys576 and Ser565 of the C-ter peptide of the other monomer were formed, respectively. This
interaction might highlight the possible role of C-terminal peptide in attenuation of the catalytic activity
among retinal isoforms.

As mentioned in previous sections, interactions between the C- and N-ter peptides of the 604-isoform
within the same monomer were observed. These terminal peptides formed two hydrogen bonds between
Glu2 of the N-ter peptide and Arg592 of the C-ter peptide and a hydrogen bond between Glu2 and Gly593
(Fig. 6). This explains the lower values of RMSF in N-ter of the 604-isoform. A contact between Glu10 and
Arg398 has previously been reported [14]. Along with this �nding, interactions between amino terminal
peptide and the rest of the protein were not observed.

Interactions in absence of C-terminal peptide
Catalytic �ap, not restricted by the presence of C-ter, showed higher mobility. During the MD simulation,
for short periods of time interactions between catalytic �aps of engineered monomers were observed.
These interactions resulted in forming a hydrogen bond between Lys493 and Asp461 of the catalytic
�aps of the upper and lower monomers (Fig. 7).This interaction lasted for the majority of simulation time,
leading to lower RMSF value of the catalytic �ap in comparison to the wild type isoform in which the
corresponding domains have been restricted by the C-ter peptides.

Eliminating the mobility inhibition, caused by C-ter peptide on N-ter peptide, in the engineered 604-
isoform, the N-ter peptide extended and formed a short helix in the hinge connecting CBS and catalytic
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domain. This helix which formed in the hinge of both monomers, occupied the GTP2 binding site. Even
though there were no hydrogen bonds formed between the newly formed helix of N-ter and other parts of
the protein, the N-ter peptide tends to occupy the binding site of GTP2 (Fig. 8). D283N mutation
(equivalent to D226N in canonical numbering) which is located in this binding site, has been identi�ed to
be effective in occurrence of RP symptoms. Given the importance of this binding site, it might be
suggested that in absence or engagement of C-ter peptide, the N-termainal extension could play a
regulatory role in catalytic activity of the 604-isoform.

Discussion
IMPDH1, a regulatory enzyme in balancing guanine and adenine nucleotide pool size, is a house-keeping
enzyme, however, the expression of the IMPDH1 canonical isoform in photoreceptors is undetectable [2,
3, 25]. Studies have revealed the existence of two retinal isoforms of IMPDH1, originated from alternative
splicing [4, 5]. These isoforms have been identi�ed as the primary reason of the retina-speci�c mutational
phenotypes [1]. Although, some studies reported indistinguishable catalytic activity among canonical and
retinal isoforms [26], other published data revealing the varied catalytic activity and mode of inhibition
suggested a possible undiscovered role of terminal peptides [14, 27–30]. Despite the growing research on
the role of IMPDH1 retinal isoforms in RP, our knowledge about signi�cance of each domain in enzyme's
overall activity is still limited.

The present study, performing proteolysis on a recombinant 604-isoform lacking c-terminal peptide and
simulating molecular dynamics of a modeled dimer of it, has investigated the potential interactions of N-
terminal peptide and change of conformation. Our results con�rm previous computational and structural
studies [14]. Moreover, formation of a novel short helix in N-terminal of the engineered protein has been
suggested.

Proteolytic digestion of the investigated proteins with α-Chymotrypsin resulted in time-dependent
intensi�cation of bands on SDS-PAGE quali�cation in which the engineered protein digested bands
appeared in faster time than the wild type isoform. This observation indicates the extended conformation
of the engineered protein leading to a more surface accessibility of the protease to digestion sites. Since
both experiments produced peptides with similar molecular weight, it can be concluded that C-ter peptide
covers the digestion site.

In con�rmation of previous studies [11, 12, 14], we have also encountered the interaction between
catalytic �aps. This interaction could be taken as the cause of lower RMSF value and hence higher
rigidity of them in comparison to wild type dimer. Although, C-ter peptide restricted the mobility of
catalytic �aps, resulting in low RMSF values, still, higher freedom in movement is observed than the
corresponding residues in engineered protein. It can be concluded that this interaction is favorable and a
potent cause of lower rate of catalytic activity.

Previous studies have identi�ed three nucleotide binding sites [12]. While some published results suggest
the occupation of third nucleotide binding site with GTP as the critical site, others point out that
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occupation of �rst and second binding sites with GTP is enough for inhibition of the enzyme's catalytic
activity [14]. Also, mutations identi�ed in nucleotide binding sites cause RP symptoms. A recent study,
also, has proposed an anti-inhibitory role for the N-ter peptide of Homo sapiens 595 isoform. This
behavior has been interpreted to be dependent on �lament assembly and suggested that even in presence
of GTP molecules, N-ter peptide prevents the full inhibition of the enzymatic activity [15]. Our
computational results suggest that in absence of C-ter peptide, Ala23-Glu28 (604-isoform numbering)
form a helix in second nucleotide binding site. Since we found no direct interactions between CBS
subdomain and N-terminal peptide, this observation might suggest either a GTP-independent inhibition of
the enzyme or masking of the inhibition site which results in higher activity due to the GTP binding
prohibition. These hypotheses remain to be studied further.

Conclusion
In conclusion, the proteolytic digestion of both native 604- and the engineered isoforms indicated a higher
accessibility of α-Chymotrypsin to digestion sites due to removal of C-ter peptide. Moreover, our
computational results revealed a unique helix formation in N-ter extension. Even though, a 604-isoform
lacking C-ter is not naturally expressed in photoreceptor cells, in case of elimination of restricting effect of
this terminal peptide on N-ter extension, an internal inhibition of activity is assumed. The accuracy of this
hypothesis remains to be tested.
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Figure 1

Proteolysis of wild type 604- (a) and engineered (b) proteins. The proteolytic digestion was followed for 0,
2, 4, 6, 8, 10 and 15 minutes 
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Figure 2

RMSD plot of wild type 604-isoform dimer (WT-604) and engineered (Eng-604) protein models

Figure 3

RMSF plot of wild type 604-dimer (WT-1, -2) and engineered protein (Eng-1, -2)
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Figure 4

An illustration of interaction between Catalytic �ap and C-terminal peptides of upper and lower Wild type
604-isoform. (Magenta: Catalytic �aps, Blue: C-terminal peptide). Here, in order to simplify the
visualization of interactions, N-ter peptide has been omitted
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Figure 5

interactions of catalytic �ap and C-ter peptide of distinct wild type 604-isoform monomers
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Figure 6

Interactions of N- and C-terminal peptides within the same monomer



Page 17/18

Figure 7

Catalytic �aps of upper and lower monomers of engineered protein interact in the absence of C-ter
peptide
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Figure 8

Formation of a short helix in GTP2 binding site. (Magenta: N-ter peptide, Green: Asp283, Orange: GTP)


