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Abstract:

A novel algorithm has been formulated to enable an enhanced and more accurate simulation of Trpcage folding. This
computational method primarily draws upon the principles of cotranslational protein folding. In biological systems,
polypeptides undergo sequential synthesis with translation rates varying based on codon speed. Studies have demonstrated
that helices and sheets typically fold in a timeframe measured within lower milliseconds. As such, certain proteins exhibit
faster-folding than elongation capabilities which suggests a high probability for these resulting chains to assume secondary
or tertiary structures during cotranslational processes. The examination of the ribosomal exit tunnel likewise demonstrates
that peptides can navigate through it in an a-helical structure. Consequently, this study suggests a molecular dynamics
simulation algorithm predicated on including one amino acid residue successively during simulations. In biological systems,
proteins synthesis occurs at ribosomes by incorporating single amino acids consecutively into sequences. The launch set-up
for such simulations need not comprise fully polypeptide chains but could initiate with minimal segments. Commencing the
folding simulation with a minimal segment of amino acids, followed by sequential supplementation of individual amino acids
during each ensuing simulation cycle strengthen our need to consider interatomic connections between newly incorporated
amino acids and their existing counterparts in the protein chain. Essentially, each atom within a protein impacts every other
atom. Therefore, during subsequent procedures, we continuously incorporate an amino acid; this allows the newly introduced
amino acid to comprehensively examine its interactions with the remaining amino acids in the protein. Such method could be
employed for both ab initio prediction of protein structures and for designing new proteins. In our study, we analyzed Trpcage
simulations and determined that all-atoms root-mean-square deviation is 4.621 A while backbone root-mean-square deviation
is 3.444 A when compared to original NMR solved structure submitted in Protein Data Bank.

IndexTerms — Algorithm, Trp-Cage, Protein folding, Molecular Dynamics Simulation, RMSD

I. INTRODUCTION

Due to advancements in genome sequencing projects, protein sequencing has become highly accessible resulting in millions of
proteins being sequenced with many more still underway[1-4]. However, the sequence does not provide extensive information
regarding the functional attributes of a protein [5]. To thoroughly comprehend a protein's function necessitates knowledge about its
structure, which progress is considerably slower [6]. The following facts exemplify this reality further. Uniprot stands as a valuable
resource of information on protein sequence and function. As per the UniProtKB/TrEMBL Release 2023_03, made available on June
28th, 2023, there are entries for approximately 248272897 types of sequences [7]. Furthermore, the US Research Collaboratory for
Structural Bioinformatics Protein Data Bank, supplies experimentally confirmed three-dimensional structures of various
biomolecules, with a total count at roughly around 208702 distinct PDB formations. [8]

The comparison between protein sequences and structures reveals that the latter equates to roughly 1/1200 of the former. This
punctuates a necessity for further developing computational methodologies with an emphasis on predicting proteins. Additionally,
deciphering protein folding is vital when considering innovative custom-tailored protein designs for specific applications. A clear
depiction of this challenge was captured by Science Magazine's comprehensive list of top 125 unresolved scientific questions in
which they posed - "Can we predict how proteins will fold?" They highlighted its vast complexity emphasizing on the strikingly short
time span (ten microseconds) it takes a single protein entity to select one pathway out from nearly limitless potential pathways for
folding [9].

Polypeptides are produced in sequence, and the pace of this translation can vary based on codon velocity [10-12]. For instance, a
protein translation rate around 0.05 s/codon has been observed in Escherichia coli [10,11]. Meanwhile helices and sheets have
demonstrated folding capabilities within the low millisecond range, thereby exhibiting that some proteins may fold at faster rates than
their elongation process [13,14]. This would suggest that these resulting chains could take up cotranslational secondary or tertiary
structures during formation. Closer examination of the ribosomal exit tunnel revealed peptides traversing it while displaying an -
helical conformation [15-18]. Further scrutiny indicated that as they travel through this channel a-helical arrangements can gain
entropic stability[16-21].

Cotranslational folding is a process in which proteins start to fold while still being synthesized on the ribosome. This phenomenon
has been observed in various proteins, including Semliki Forest Virus Protein, a-globins, and the bacterial luciferase of8-heterodimer.
For example, SFVP gains its enzyme activity before complete synthesis of the polyprotein precursor [22-26], and a-globins exhibit
specific heme-binding activity for truncated nascent chains bound to ribosomes [27]. In the case of the luciferase heterodimer,
formation occurs more rapidly when one monomer is translated in the presence of an already folded partner compared to refolding
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from a denatured state [28,29] .These examples highlight how cotranslational folding plays a significant role in protein structure
formation during translation.

Previous studies by Jonathan J. Ellis et al. have investigated the role of translation directionality in predicting protein folding [30].
In their research, they integrated aspects of cotranslational folding into a protein structure prediction algorithm using the Rosetta
program. The results showed that for 94% of the proteins analyzed, tracking translation from N-terminus to C-terminus yielded
better predictions compared to tracking the reverse direction. This trend was especially prominent in proteins that exhibited stronger
evidence of co-translational folding. Computational models further support this finding, suggesting that such folding favors local
contacts in intermediate and terminal folds [31,32].

Recent research has focused on the impact of energy barriers in cotranslational models, revealing that the lowest energy state may
not always correspond to the sequentially folded protein [33-37]. Computer simulations have shown that nascent chains can adopt
partial structures resembling segments of the complete protein [38-41]. However, alternative lattice studies propose a different
perspective, suggesting that nascent peptides can remain mostly unstructured until near completion of synthesis [42]. This view
considers interactions involving the C terminus and may not be applicable to all proteins. Furthermore, lattice models suggest
separate pathways for cotranslational folding and refolding processes [43].

In this study, we introduce a novel molecular dynamics algorithm that can be applied to solve protein structure prediction problems.
Our algorithm is based on the concept of cotranslational folding and operates by sequentially adding one amino acid at a time in
each iteration of the molecular dynamics simulation. This approach is not exclusively limited to protein folding challenges, as it has
broader applications in general molecular dynamics simulations. The algorithm holds potential for accurate ab initio prediction of
protein structures and facilitates the design of innovative proteins with various uses such as therapeutics or forensic analysis. The
strength of our project lies in its originality and well-founded rationale behind the proposed algorithm.

Il. METHODOLOGY

The Trpcage peptide has been widely used as a standard system for protein folding simulations. Starting with the FASTA sequence
{NLYIQWLKDGGPSSGRPPPS} of Trpcage, an elongated linear structure was generated using Amber version 18. The
calculations were performed on supercomputing resources at 11T Delhi, taking advantage of multiple nodes to run molecular
dynamics simulations with the Sander module. Each simulation was conducted under canonical ensemble conditions and included
solvation effects through the Generalized Born model. These molecular dynamics simulations aimed to assess the stability and
accuracy of this newly developed algorithm to incorporate cotranslational folding pathway. To ensure consistency in results, all
simulations used the same parameters throughout. Production runs lasted for 50 ns each, and from these runs, we selected a
representative structure based on its minimum potential energy for further analysis purposes. The flowchart of methodology is given
in figure 1.

Format FASTA file into three-letter codons

v
Create the extended structure in Tleap and minimize it (Declare it as Mother PDB File)

v
Extract the first three residues from minimized PDB

\ 4
Generate prmtop and inpcrd files of three residue PDB and minimize it

A 4
Slowly and gradually heat the system in stages

\ 4
Production run of three residues

v
Run Loop for adding amino acid residues one at a time

v
Copy coordinates of residues from the previous production run to a new file e.g., var_$j.pdb
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Copy the next residue coordinates from the mother file to var_$j.pdb

v
R Remove hydrogen atoms and create PDB without hydrogens
u (As the presence of hydrogens create problem in the creation prmtop and inpcrd)
n
n v
Minimize the PDB without hydrogens
In
8
A 4
L Slowly and gradually heat the system in stages
o]
v
0 The Production run for the heated file for 50 ns
v
Create the PDB file of equilibration run using Cpptraj(Amber Tools)
Figure 1. Flow chart
Il. RESULT

The obtained pdb file from the Trpcage folding protocol was compared to model 1 of the NMR structure in the PDB database for
RMSD calculations. Figure 2 presents a snapshot of the Minimum Potential Energy Structure acquired through one-at-a-time amino
acid addition. Whereas figure 3 represents the NMR model of Trpcage which is submitted in Protein Data Bank as 1L.2Y.PDB.
Minimum Potential energy structure was superimposed on 1 L2Y as shown in figure 4 .When overlaid with 1L2Y, the RMSD
values were determined as 4.621 A for all atoms and 3.444 A for just the backbone. To ensure temperature consistency throughout
simulation, a temperature plot was created displaying constant temperatures across time , which is shown in figure 5. A plot of the
energy curve was generated to demonstrate the variations in potential, kinetic, and total energy throughout the simulation, as shown
in figure 6.At any particular instance sum of potential and kinetic energy should remain equal to total energy. Additionally, a graph
depicting the root-mean-square deviation i.e., RMSD over time was also plotted as shown in figure 7.

/

Figure 3. 1L2Y- NMR solved structure of Trpcage.
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Figure 4. Superimposed 1L2Y with minimum potential energy PDB obtained through one-at-a-time amino acid addition.
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Figure 5. Temperature Plot of Production run.

300

‘summary ETOT* ——

7 i ot s 0 A b S eor —

200

Energy (Kealmel)

200 |
-200

. sl v

0 500 1000 1500 2000 2500 3000 3500
Time (ps)

Figure 6. Energy Plot of Production run.
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Figure 7. RMSD vs Time(ps).

IV. DISCUSSION

This computational approach is based on the principles of cotranslational protein folding. The method begins with a minimal
segment of amino acids and gradually adds individual amino acids in each subsequent iteration, considering the interatomic
connections between the newly incorporated amino acids and those already present in the protein chain. This allows for a thorough
exploration of interactions between each atom within the protein throughout the procedure.

In summary, the current study explores the idea of adding amino acids one-at-a-time in protein folding simulations, using the
Trpcage fold as a test case. The results show that this approach could partially reproduce the native structure of the Trpcage protein
with a moderate RMSD value. Additionally, it is suggested that further validation of this approach should be conducted on other
small proteins, considering factors such as protein length and secondary structure. Furthermore, future improvements can include
testing the effectiveness of this one-at-a-time approach in energy minimization protocols. Further testing and validation are
necessary to fully understand the effectiveness of this approach in protein folding simulations.
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