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Investigation of structural characteristics of Hero
proteins using MD simulations
(#824: 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
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 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.
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Furthermore, we intend to demonstrate how the
features of the amino acid sequence of Hero proteins
relate to the properties of the disorderly structure,
and the function of preventing 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.

We employed the CHARMMS36m force field for Hero
proteins and TIP3P model for water. We used
GENESIS to perform 100 ns MD simulations for
AlphaFold2

Hero proteins, starting from the

predicted structures.

3. ! Result

The predicted atomistic structure of Hero9 holds an
achelix around the C-terminal region (Fig 12).
During the 100ns MD simulation, the helicity was
maintained high. On the other hand, the N,
C-terminal regions of the Hero9 peptide were
disordered. Compared to the C-terminal region, the
N-terminal region appears to form interactions with

other amino acids.

M' ¢

Fig 12. AlphaFold2 predicted structure for Hero9.

4. ! Conclusion

In this project, we investigate the structural and
thermodynamic properties of Hero proteins by using
all-atom MD simulation. We performed 100 ns MD
simulations for the Hero proteins using GENESIS.
During 100 ns MD simulations, the helix of the
Hero9 protein was stable, but the N-terminal region
disordered and exhibited

of the protein was

interactions with other amino acids in the structure.

RS E

5. I Schedule and prospect for the future

We will further perform MD simulations of Hero9 to

understand the relationship between dynamic
structural properties and functions. We will also
conduct simulations of other Hero proteins, and
compare structural features and differences among
Hero protein family.

Exploring Conformational Space of
Phosphoglycerate kinase in the presence different
substrate

(#24 :Ren)

1! Background and purpose of the project,
relationship of the project with other projects
Phosphoglycerate kinase is a transferase presenting
in all living organisms which catalyzes the reversible
transfer of a phosphate from
1,3-bisphophoglycerate (1,3-bPG) to ADP producing
3-phosphoglycerate (3PG) and ATP. The enzyme is a

two-domain protein. 1,3-bPG and 3PG bind to the

group

N-terminal domain, while the nucleotide substrates,
MgADP or MgATP bind to the C-terminal domain.
Experiments have shown that the substrate binding
to PGK will trigger a large structural transition from
open conformation to fully closed state. Recently, our
found that the

collaborators ligand-binding

cooperativities between adenine-nucleotides and
3PG is dependent on the type of adenine-nucleotides
by NMR spectroscopy. MgADP and 3PG bind to
hPGK with
MgAMPPNP, a nonhydrolyzable ATP analogue, and

3PG bind to it with positive cooperativity.

negative cooperativity, whereas

Previously, we have applied replica path sampling to
of 3PG and

adenine-nucleotide bound PGK. In this project, we

study the structural transition
aim to investigate the conformational dynamics of
PGK in the presence and 3PG and different
(MgADP MgATP
respectively) by conventional atomistic MD (cMD)

adenine-nucleotides and
simulations and decipher the mechanisms of the
negative binding cooperativity between 3PG and

MgADP and positive binding cooperativity between
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3PG and MgATP.
21 Specific usage status of the system and
calculation method
We  performed multiple independent cMD

simulations of wild type PGK in the presence of 3PG
and different nucleotide substrates (MgADP or
MgATP). For each system, we ran 10 trajectories
starting from the open and closed state respectively.
Each ¢cMD simulation lasted 50ns. In addition, to
examine the effect the D374N mutation on the
binding cooperativities between 3PG and nucleotide
substrates, we also conducted similar simulations of
D374N mutant. The total simulations time was

about 2us.

3!  Result

Our simulations revealed the intrinsic flexible
dynamics of PGK. Starting from the open state, 3PG
and nucleotide substrate bound PGK remains in the
open form within 50ns. Large conformational
fluctuation of the enzyme can be observed which can
induce more open conformations as shown in the
bottom panel of Figure 13. On the other hand, the
fully closed state is unstable for substrates-bound
PGK. A domain motion occurred very quickly during
the ¢cMD simulations to induce the conformational
transition from the fully closed state to a half-closed
state (top panel of Figure 13). Moreover, MgATP
induced a more compact half-closed state compare to
MgADP, which might be related to the different
3PG

adenine-nucleotide. In addition, we found that the

binding  cooperativity  between and
charge complementary among 3PG and nucleotide in
the PGK active site play an important role in the

cooperative binding of substrates.

IR
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Figurel3: Distribution of the inter-domain distance
of wild type and D374N mutated PGK in the
presence 3PG and nucleotide substrates at open (top)

and semi-closed (bottom) state respectively.

4!  Conclusion

simulations indicate that

PGK

conformational fluctuation in the open state.

o Our

substrates-bound shows  large

o/ We found that the fully closed state is
unstable even in the presence 3PG and
stable

adenine-nucleotides. Instead, a

half-closed state is firstly revealed in our

simulations.

o/ We show that charge complementary
between 3PG and nucleotides at the active
site of the enzymes determines the
structures of the half-closed state. The
D374N  mutation  which  alter the

electrochemical environment at the active
site dramatically affect the communication

between 3PG and adenine-nucleotide.



2021 4R
Exploring Catalytic Mechanism of Enzymatic
Reactions by Multiscale Machine Learning Model
(YaoKun Lei)
1.! Background and purpose of the project,
relationship of the project with other projects:
Chemical reaction involves the motion of electrons so
that quantum calculation is necessary for simulation.
But it is well known that quantum mechanics (QM)
calculation is very time-consuming. One solvation is
to fit the quantum results by parametric model. The
classic force field follow this route but cannot be
applied to chemical reaction due to the simplicity of
energy terms. To keep the balance between accuracy
and time cost, machine learning (ML) model known
for its powerful potential to fit any continuous
function is used to fit energy and force generated by
QM calculation. But most existing models are
single-scale model in which the coordinates of all
atoms are used as input to model to predict the total
energy and force of the system. But for enzymatic
reaction system, the input dimension is extremely
large due to its system size, resulting in huge
memory cost and high computation complexity. In
addition, the common reference method applied to
enzymatic reactions is QM/MM method where
energy is composed of potential of QM and MM
region and interaction between two regions. The last
two terms are calculated by classic force field which
is a simpler parametric model than ML model.
Therefore, it’s a waste of resources to fit the results
of a simpler parametric model by another complex
one. Therefore, to applied machine learning model to
enzymatic reaction. Here we adopt a multi-scale
model called FieldSchNet in which only force, energy
and charge of QM region is predicted by ML model
and the rest two terms are processed by classic force
field. Therefore, the input to ML model is just the
coordinates of QM region and the external electric
field applied on each QM atom so that the input’s
dimension is much less than single scale model. We
integrate machine learning model with GENESIS to

simulate chemical systems. This method is firstly

RS E
applied to a text book reaction, the substitution
between CI- and CH3F for test.
2.1 Specific usage status of the system and
calculation method
Most of the calculations were performed by the end
of the previous fiscal year. Wherein, 100 picoseconds
GaREUS simulation was performed to sample the
configurations used as training dataset using 32

replicas.

3. Result

We train the model with the training dataset
collected by GaREUS sampling. The resulting mean
absolute value of prediction error of energy and force
is respectively 0.879 kcal/mol and 0.318 kcal/mol/A.
In addition, during the test we found that
introducing the electrostatic potential applied on
each QM atom by solvents to ML model can improve
the prediction accuracy (Figure 14(a)). With an
optimized model, we carry out GaREUS simulation
again but force generated by ML model.
Unfortunately, the system is gradually pushed to the
region with larger prediction error and then the

simulation will break down due to large force (Figure

14(D)) .
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Figure 14 (a). Root mean square error (RMSE) of
predicted energy of QM region with training step.
Blue Line: introducing electrostatic potential applied
on each QM atom into ML model, Orange Line:
original model. (b) the evolution of absolute value of
prediction error of energy with simulation.

4.! Conclusion

o!  We found that introducing external potential
applied on each QM atom can improve
prediction accuracy.

o/ We applied a multi-scale model to fit the
energy and force calculated by QM/MM
method. The resulting prediction error of
energy and force are

o/ We found that the fluctuation will push the
system to the region with large prediction

error causing the breakdown of simulation.

5. Schedule and prospect for the future

We are currently using active learning method to
sample configurations with large prediction
uncertainty so that the model can be further
improved. After the test, we plan to apply this
method to more complex reaction system: enzymatic

reaction to study the catalytic mechanism.
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