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Enzymes are the best catalysts that accelerate chemical reactions. This project clarify the role of
disorder and propose a computational approach to study disorder-function paradigm in Enzymes. A new
method was also proposed and applied to study structure changes in Spike protein of SARS-CoV-2

The role of intrinsically disordered region (IDR) in enzymatic reactions was

elucidated, using multiscale computational approach. This includes classical and enhanced sampling
molecular dynamics (MD) simulations and Quantum mechanical (QM) calculations. MD results show that
IDR induces large fluctuation in an engineered Chrosimate Mutase active site, allowing for a
necessary substrate reorganization to form reactive complex. QM calculations confirmed the role of
IDR in lowering the reaction barrier. The results shed the light on an unrecognized role of
structural disorder in enzymatic reactions. Furthermore, new method to enhance domain motion was
proposed and applied to study conformational transition in
SARS-CoV-2.
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1. WHFERHAG S OE

The modern discovery of Intrinsically disordered proteins (IDPs) has led to a new
concept of disorder—function paradigm in protein science. IDPs constitute a large
fraction of the proteome (44% in human) and play central roles in numerous biological
processes. Enzymes have long been considered as an exceptional class of proteins that
might not include intrinsically disordered regions (IDRs), as structural disorder is
generally expected to reduce catalytic efficiency. Notably, recent experimental studies
have established the occurrence of IDR in more than one hundred enzymes, so far.

The functional significance and the roles of IDR formation in enzymes are generally
poorly understood. Few studies have indicated the importance of IDR to maintain high
catalytic rate. For instance, increasing the rigidity or flexibility of IDR in
Sporosacina pasteurii UreG enzyme reduces its catalytic efficiency. Furthermore, the
introduction of disordered region in an engineered monomer Methanococcus _Jjannaschii
chorismate mutase (mMjCM) retains high catalytic rate, comparable to the structurally
ordered MjCM dimer.

The current emerging field of IDR enzymes provide a new aspect of enzymatic function
that uses an ensemble of conformers of disordered regions to optimize/regulate their
catalytic rates, via an unknown mechanism. Consequently, new computational techniques
to explore IDR dynamics in enzymatic reactions is needed. In this project, I aimed to
establish a computational approach to unravel the effect IDR dynamics on enzymatic
reactions, using mMjCM as an example. Furthermore, the goal of the original studies
was expanded to suggest an effective enhanced sampling approach to widely sample even
larger conformational changes in proteins, using ribose binding protein (RBP) as a
benchmark. The same method was successfully applied to study active to inactive
conformational transition in Spike (S) protein of SARS-CoV-2

2. WO EMN

First, to unravel the catalytic role of IDR in mMjCM using multiscale computational
approaches. Second, to link the effect of IDR on enzyme dynamics and the enzyme
catalytic reaction. Third, to propose a new computational method that allow for wide
sampling in IDR enzymes and protein in general.

3. WD HikE

To study the structural effect of IDR on mMjCM active site and substrate
binding/reaction, the results of atomistic molecular dynamics (MD) simulations were
analyzed. Both classical and enhanced sampling (the generalized replica exchange with
solute tempering (gREST) MD approaches were used. Quantum mechanical calculations were
used to investigate pre-reactive and reactive complex of chorismate. A new enhanced
sampling approach based on the selection of surface charged residues only in gREST
(gREST_SSCR) was proposed and applied to enhance domain motion achieving wide sampling
in both RBP and S—protein.

4. WHIERCR

(1) The effect of IDR on mMjCM catalysis:

To elucidate the effect of IDR on mMjCM active site, two classical molecular dynamics
simulations (cMD) were performed. First, the solvated mMjCM/chorismate complex were
simulated for 1 us, without applying any restraints. Secondly, a 500 ns simulation was
performed upon applying a weak force of 1.0 kcal mol™? A2 on the Ca atoms of the
protein, using the root mean square deviation (RMSD) restraint function in GENESIS
software. Such restraint was employed to reduce IDR fluctuation, preserving the protein
conformation closer to the initial NMR structure (PDB:2gtv). Additionally, a third
simulation was performed using gREST enhanced sampling approach using 8 replicas that
cover temperature range from 300 to 558 K. All atoms of IDR residues were selected as
solute region and each replica was simulated for 500 ns, with a total of 4 us.



Comparison of the three , 50

simulations show that the @) =
restraint MD (cMD (rest)) q
kept  the RMSD

N cMD
015 cMD(rest)

( IDR v £ S
protein J ‘X ) £

around 28. While both cMD L'J . FX“T] --e 0050 LI

and gREST results shows & J}’\ T S L
larger values with an v/ [‘ ¢ w rr—s
average of 3.7A. Similarly, u - { J ol =
the radius of gyration was N 77 ZyAl g ol ]
also increased, suggesting ) KX R ‘ 7 s

IDR induces motion in the \ $s N !

whole protein.

To understand how IDR
might affect the distant
catalytic site, I compared
ligand organization and
interactions (Figure 1). Figure 1b show that cMD(rest) has large C1/C8 distance that
would hinder the catalytic reaction. While cMD results show significant distribution
around 3 A, forming reactive complex. Notably, gREST simulation at 300 K were able to
sample all conformations. Figure lc, shows that the reduction in C1/C8 distance occur
due to the formation of multiple hydrogen bonding interactions with the ligand. These
interactions are maximized through the IDR induced motion in the active site. Note
that QM calculations also show the higher stability of larger C1/C8 distance (3.8 A)
in the absence of the active site, which emphasize the role of active site interactions
in forming the reactive complex. In summary, the results show the role of IDR in
inducing a breathing like motion that maximize ligand interactions, leading to a
reduction in reaction barrier. It also shows the superiority of gREST method and its
suitability for studying IDR enzymes
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Figure 1. a) Structural representation of mMjCM complex, showing ligand
interactions. Probability distribution of C1/C8 atoms distance (b), and

the ligand hydrogen bonding interactions (c), in all 3 simulations.
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region might also increase, limiting
gREST application. As a result, 1
proposed gRSET with selected surface
charged residue (gREST_SSCR), wherein
a small number of residues/parameters
can be selected regardless of the
protein size. This approach was first
tested in RBP showing the conformational transition from close to open, within only
250 ns (1). The obtained transition pathway and intermediates were further validated
using cMD simulations and free energy calculations (2)
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Figure 2. a) Schematic representation of solute selection
approach in gREST_SSCR. b) Free energy map along hinge and
twist angles showing transition pathway obtained for RBP.

3) Conformational transition in Spike protein of SARS—CoV-2:

In response to COVID-19, I applied gREST_SSCR to study Spike motion starting from
Down and Up conformations (3,4). Wherein we sampled Down to 1Up and 1Up to 2Up
transitions. Our results agree with Cryo—EM structures and smFRET experiment
Furthermore, using pocket search algorithm and virtual screening, I identified
unprecedented cryptic pocket at RBD interface in the intermediate states, that might
be targeted to shift spike dynamics toward Down conformation, reducing cell entry.
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