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Investigation of structural characteristics of Hero
proteins using molecular dynamics simulations
(#224: Im, Niitsu)

1. Background and purpose of the project,
relationship of the project with other projects
Most proteins denature and aggregate under stress
conditions, such as near-boiling temperatures, drying
and freezing, and high salinity. In cells, molecular
chaperones regulate protein folding and prevent
aggregation or misfolding of client proteins,
protecting proteins after such stress shocks. Recently,
some of the intrinsically disordered proteins (IDPs)
are also found to function as “molecular shields”.

Heat-resistant obscure (Hero) proteins are identified

M &

in Human and Drosophila, predicted to be IDPs, and
remain soluble even after boiling at 95°C. In vivo
experiments have demonstrated that Hero proteins
protect proteins from denaturation under stress
conditions. Hero proteins can also block the
aggregation of several types of pathological proteins
in cells and Drosophila strains modeling
neurodegenerative diseases. These functions of the
Hero protein as a "molecular shield" are unique and
likely to be biologically significant. However, the
molecular mechanism of their function is unknown.

In this project, we perform molecular dynamics (MD)
simulations on all atoms to understand the properties
of the Hero proteins and investigate and compare the
structural and thermodynamic properties of the Hero
proteins. Furthermore, we intend to demonstrate
how the features of the amino acid sequence of Hero
proteins relate to the properties of the disorderly
preventing

structure, and the function of

denaturation and aggregation of client proteins.
2. Specific usage status of the system and
calculation method

We performed all-atom MD simulations at 300K and
0.15M NaCl for Hero proteins. MD simulations were
performed for six hero proteins (Hero7, 9, 11, 13, 20,
and 45).

We employed the CHARMM36m force field for Hero
proteins and TIP3P model for water. We used
GENESIS to perform three independent MD

simulations for 210 ns for each Hero protein, starting

from the AlphaFold2 predicted structures.

3. Result

Fig 3 shows the initial structures of Hero proteins
predicted by AlphaFold2. During the 210-ns MD
simulations, the size of Hero proteins became more
compact than the initial structures during MD

simulations.
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Figure 3. AlphaFold2 predicted structures and

simulated structures for Hero proteins

Among the Hero proteins, the long helices in the
center of the protein maintained relatively high
helical contents during MD simulations. On the other
hand, helices close to the N and C-terminal regions of
the Hero proteins and small helices in the Hero
proteins showed reduced during MD simulations.
(Fig. 4) These results led us to consider that force-
field dependency will be crucial for investigating

IDPs like Hero proteins.
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Figure 4. Changes in the secondary structure of each

residue of hero proteins during MD simulations.

Since Heroll is known to suppress aggregation of
TDP-43, a key protein in neurodegenerative diseases,
we further extended the simulation of Heroll up to 1
ps. The central long helix kept unfolding to less than
half of the initial length during the simulation in two
independent trajectories. This suggests that the
conventional MD simulation for 1 ps is not sufficient
to determine the secondary structural features of
Heroll. We further performed the same 1 ps -
simulation for a Herol1l mutant of which all charged
residues are replaced with Gly. This mutant was
reported to lose the suppression activity against TDP-
43 aggregation. Similarly, the mutant kept unfolding
during the simulation. Thus, we combined these
results with coarse-grained simulations of Heroll
enabling much longer and large-scale sampling
(performed in other projects). As a result, a possible
mechanism of TDP-43 condensation regulation by
Heroll has been proposed and the work has been
accepted for publication in Journal of American

Chemical Society Au.

4. Conclusion

In this project, we investigate the structural

properties of Hero proteins by using all-atom MD
simulations. We performed MD simulations for the
using GENESIS. During MD

Hero proteins
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simulations, the helicity of Hero proteins is expected
to be lower than the helicity predicted by AlphaFold2,
and the terminal regions of the Hero proteins were
disordered and exhibited interactions with other
amino acids in the structure. A part of the simulation
results led to propose a possible mechanism of a Hero
protein suppressing aggregation of a client protein
when combined with coarse-grained simulations

performed on other projects.

5. Schedule and prospect for the future

We will compare the results using different force
fields for more accurate confirmation of the helical
stability of the Hero proteins. Furthermore, we will
also analyze the thermodynamic properties to

understand the structural properties of Hero proteins.

Investigation of lactate dehydrogenase (LDH)
activity in the crowded environment

(#224: Ren)

1. Background and purpose of the project,

relationship of the project with other projects
Enzymes are biological catalysts that play a critical
role in the metabolism of living organisms. Recent
studies have shown that the cellular environment
plays a crucial role in regulating enzyme activity. In
particular, the crowded environment within cells,
where macromolecules are densely packed together,
has been shown to affect enzyme activity in a variety
of ways. In addition, the recent discovery of liquid-
like Dbio-condensates, which are non-membrane-
bound organelles that form within cells and have
liquid-like properties, has shed new light on the
regulation of  enzyme activity. L-lactate
dehydrogenase (LDH) is an enzyme that plays a
crucial role in the metabolism of cells by catalyzing
the conversion of L-lactate to pyruvate. The enzyme
is widely distributed in many organisms, including
bacteria, fungi, and animals. LDH is a homo-
tetrameric protein that undergoes conformational
changes during its catalytic cycle. The open and

closed conformations of LDH have been extensively

RS F
studied, as they play a critical role in the regulation
of enzyme activity. In this project, we investigated
the impact of crowding on the function of LDH, its
structure, enzyme activity and the dynamics of its
open and closed conformations which is essential for
the development of drugs that target this enzyme.
2. Specific usage status of the system and
calculation method
By using our in-house tool, we built the crowded
system at an atomistic level, which includes one LDH
protein and eight bovine serum albumins (BSAs).
Two independent conventional all-atom simulation of
LDH in the crowded protein solution are performed.
For comparison, we also conducted atomistic MD
simulation of LDH in the dilute solution. Meanwhile,
we carried out QMMM calculation of the LDH-
catalyzed reaction in both open and closed
conformation. String method is applied to predict the
minimum energy pathway of the reaction while the
umbrella sampling method is used to obtain the free

energy profiles along the minimum energy pathway.

Figure 5. LDH in crowded protein solution. The

crowder proteins are shown by sphere.

3.  Result

Our atomistic MD simulations of LDH show that the
closed conformation of the LDH is very unstable and
goes very quick closed-to-open transition in dilute
solution. While the presence of crowder in solution
enhances the stability and life time of closed state
significantly. In addition, the extreme flexibility of
substrate(pyruvate) binding which is observed in the
dilute solution is also dramatically suppressed in the
very crowded environment. Our QMMM calculation

of LDH-catalyzed reaction indicate that although the
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minimum energy pathway of the reaction in open and
closed state are very similar. The free energy barrier
of the reaction in the closed state is much smaller

than that in the open state.
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Figure 6. The histogram of the distance between the

surface loops in dilute and crowded solution.

4. Conclusion

By combining all-atom MD simulation and QMMM
calculation together, we explored the impact of
crowding environment on the conformational
dynamics and enzyme activity of LDH. We found that
the highly crowded environment stabilizes the closed
conformation of LDH. Meanwhile our QMMM
calculation predict much lower energy barrier of the
LDH-catalyzed reaction in the closed conformation.
All these findings suggest us that the activity of LDH

may be enhanced in the very crowded environment.
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