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ABSTRACT

RNA structure and functional dynamics play fundamental roles in controlling biological systems. Molecular
dynamics simulation, which can characterize interactions at an atomistic level, can advance the understanding
on new drug discovery, manufacturing, and delivery mechanisms. However, itis computationally unattainable
to support the development of a digital twin for enzymatic reaction network mechanism learning, and end-
to-end bioprocess design and control. Thus, we create a hybrid (“mechanistic + machine learning") model
characterizing the interdependence of RNA structure and functional dynamics from atomistic to macroscopic
levels. To assess the proposed modeling strategy, we consider RNA degradation which is a critical process in
cellular biology that affects gene expression. The empirical study of RNA lifetime prediction demonstrates
the promising performance of the proposed multi-scale bioprocess hybrid modeling strategy.

1 INTRODUCTION

Understanding RNA structure and functional dynamics directly influences drug (e.g., mRNA vaccines)
discovery, manufacturing, and delivery. RNA structure affects: a) its functions and interactions with other
molecules, such as DNA, proteins, and ions; and b) the regulation of enzymatic reaction network. For
example, RNA structure directly affects stability, translation, and delivery efficacy of RNA vaccines. The
rate of RNA degradation depends on various factors, including pH, temperature, and ionic concentrations.

RNA structure is described in terms of three levels: primary, secondary, and tertiary. The primary
structure is the nucleotide sequence of the RNA molecule, represented by four base letters (i.e., A, U,
C, G). The secondary structure refers to the pattern of hydrogen bonding (base pairing) along the chain
(i.e., helices), while the tertiary structure denotes the final 3D shape of the RNA molecule, determined by
both secondary structure hydrogen bonding and additional nucleotide interactions. In recent years, there
is a surge in deep learning-based algorithms for biomolecular 3D structure prediction; for example the
success of AlphaFold2 (Jumper et al. 2021) has garnered the most attention. However, the field of RNA
structure prediction and structure-function dynamics modeling remains largely unexplored within the OR
community, presenting potential opportunities for new insights and advancements (Xie and Pedrielli 2022).

The functions of RNA molecules are closely linked to structure and dynamics. Computer simulations,
in particular molecular dynamics (MD) methods, allow structural dynamics of biomolecular systems to be
investigated with unprecedented temporal and spatial resolution; see Sponer et al. (2018). However, MD
simulations are complex and time-consuming. Typically, all-atom MD simulations can only probe structure
conformation change at very short time scales, i.e., 107 second.
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To model conformational dynamics and ensure scientific interpretability, we propose a hybrid (“mecha-
nistic + machine learning") model characterizing the interdependencies of RNA structure-function dynamics
from atomistic to macroscopic levels. This approach is based on physics-based dimensional reduction to
describe some key properties: (1) interatomic interactions and potential energies quantifying global connec-
tivity and atomic interdependencies; (2) solvation shells that approximate the aggregated effects of diffuse
ions; and (3) free energy barriers and lifetimes for RNA conformational changes. The proposed hybrid
modeling strategy provides insight into energetics and dynamics of enzymatic reactions and biomolecular
conformational change, which supports regulation mechanism learning and reaction rate prediction.

To assess its performance, we consider RNA degradation, as measured based on unfolding times, and
introduce an RNA lifetime hybrid network model (RNA-LifeTime) to quantify the structural changes of
RNA during the degradation processes. By analyzing the lifetime of native contacts (defined based on
interactions found in the folded molecule), RNA-LifeTime provides valuable insights into structural stability
of RNA molecules under varying environmental conditions, such as temperature and ionic concentrations,
and serves as a versatile probe for exploring the RNA degradation processes. We employ the effective
energy potential associated with atom-atom electrostatic interactions and solvent-mediated ionic interactions
as the driving force. The proposed RNA-LifeTime can improve the prediction of RNA degradation rate.

In summary, we made the following contributions: 1) We developed the RNA-LifeTime hybrid model
that effectively incorporates 3D structural information and conformational dynamics of biomolecules in a
diffuse ionic environment; 2) To the best of our knowledge, RNA-LifeTime is the first 3D molecular hybrid
model capable of predicting the kinetics of RNA degradation and unfolding; 3) We develop a potential energy
aggregate model employing an effective 3D spatial modeling technique called “multi-headed Gaussians;" 4)
The empirical study demonstrates the efficacy of our approach and shows that RNA-LifeTime can achieve
high accuracy on RNA degradation rate estimation; and 5) By offering accurate probabilistic predictions
for RNA lifetimes, our work provides valuable insights into the factors governing RNA folding processes,
which establishes the groundwork for advancements in RNA-based therapeutics and diagnostics.

The organization of the paper is as follows. In Section 2, we present the physical foundation for the
proposed hybrid model on RNA structure-function dynamics. Then, we introduce the RNA-LifeTime model
and utilize MD simulations of RNA degradation processes to evaluate the performance of our proposed
approach and compare it with baseline models in Sections 3 and 4. We conclude this paper in Section 5.

2 RNA STRUCTURE-FUNCTION AND MOLECULAR DYNAMICS

The proposed RNA structure-function dynamic hybrid model can facilitate the learning of enzymatic
reaction network regulation mechanisms through MD simulations. We consider RNA structural dynamics
(e.g., degradation and unfolding rate) as a function of environment conditions, including ion concentrations
and temperature. At any time ¢, RNA structure evolution can be modeled with a state transition function,
where the state s, = (X;,z,) includes the RNA structure, denoted by X, (or key features characterizing RNA
structure-function), and the environment conditions denoted by z;,

Sip1=f(s:B: (1)) +e, (D

where B,(s;) represents the kinetic parameters (such as degradation rate) characterizing the regulation
mechanism. The residual e, represents the impact from other factors and model error of f(-).

The proposed model is built on the scientific understanding: (1) interatomic interactions and potential
energy in Section 2.1.1, accounting for RNA system global connectivity and interdependencies; (2) Gaussian
mixture distribution approximating the aggregate effect from hydration shells in Section 2.1.2; and (3) free
energy barrier crossing required for RNA conformation change in Section 2.1.3; and (4) RNA structure
dynamics balancing the driving forces induced by energy potential and thermodynamics in Section 2.2.

481



Zheng, Xie, Whitford, Wang, Fang, and Xu

2.1 RNA Structure and Environmental Impact

As a cyber-physical system, an RNA system is composed of atoms with charge; see Figure 1. The
interactions between atoms from the same RNA molecule include: (1) short-range bonded interactions
such as bond stretching, angle bending, and torsion, which can be related to the physical network; and
(2) long-range non-bonded interactions, such as van der Waals and electrostatic forces, which can be
related to the cyber network. These interactions give rise to the potential energy that governs folding and
conformational changes of the RNA structure. At the same time, atoms have random vibrations due to
thermal energy. Therefore, the balance of driving forces introduced by the potential energy and thermal
energy influences critical pathways and reaction rates of regulatory reaction networks, e.g., RNA stability.
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Figure 1: RNA structural dynamics is influenced by atom interactions and thermodynamics: (a) Base
pairing through hydrogen bond; (b) RNA conformational change; (c¢) Free-energy barrier crossing for (b).

2.1.1 RNA System Structure-Function and Potential Energy

RNA function depends on its structure, which is typically specified in terms of primary, secondary, and the
tertiary atomic structure. Primary structure defines an RNA sequence in terms of its constituent nucleotides.
The secondary structure of RNA molecule, including the 2D structure, is determined by the formation of
hydrogen bonds between complementary base pairs (i.e., A=U and C=G base pairs). The 2D structure
can impact the accessibility of the RNA molecule to other molecules, such as proteins and ions, and can
therefore affect its function. Further building on the basic architecture defined by the 2D structure, the 3D
structure is determined by the interactions between the atoms in the RNA molecule, and it is also important
for biological functions, e.g., stability, activity, and binding specificity. For example, RNA molecules with
a stable 3D structure may be less susceptible to degradation, while RNA molecules with a flexible 3D
structure may be more dynamic and adaptable to different environments.

Atom-atom bonded and non-bonded interactions determine the potential energy, i.e., V = Vpongea +
Vion—bondea, Which induce the constraints on RNA structural dynamics and are associated with an energy
barrier to undergo a conformational change (see Figure 1). The bonded interactions play a crucial role of
defining the precise stereochemistry of the molecule. These short-range interactions are typically modeled
using harmonic, or periodic potentials, as implemented using semi-empirical potentials, such as the AMBER
force field, which take into account the interactions between bonded and angles and dihedrals potentials.

The non-bonded interactions, occurring between atoms that are distant in the RNA sequence, are typically
modeled using distance-dependent potentials, such as the Lennard-Jones potential and the Coulomb potential.
The Lennard-Jones potential represents the van der Waals (VDW) interactions between atoms, while the
Coulomb (C) potential represents the electrostatic interactions between charged atoms: V,n_ponded =
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Vc +Wpw. The Coulomb potential is induced by any pair of atoms i and j with charge g; and g,
qiq j
Ve=Y )
ije® 471,'8801’,'/'
where r;; is the interatomic distance, # represents the set of atoms in the RNA system, € is the dielectric
constant for water, and &) is the permittivity of free space.

2.1.2 RNA-Ion Interactions and Effect on Energy Potential

RNA structure can be impacted by the ion concentration environment through ion-mediated electrostatic
interactions. Here we consider ion-RNA interactions and study the impact on the energy potential (Wang
et al. 2022). Positively charged ions (e.g., Mg”>") can interact with negatively charged RNA backbone
through Coulomb electrostatics (see Figure 2). Due to the creation of inner- and outer- hydration shells,
the solvent environment around RNA is generally described as containing chelated and diffuse ions. In the
inner-shell, chelated ions are partially dehydrated, which allows them to form strong direct contacts with
RNA. As a result, chelated ions can remain bound on RNA for millisecond time scale. In the outer-shell,
diffuse ions remain fully hydrated (e.g., Mg(HZO)?) and associate less strongly with RNA. Despite the
transient and weak influence of individual diffuse ions, the behavior of a diffuse ion is primarily determined
by longer-range electrostatic interactions, and their collective effect on RNA structure can be significant.
Therefore, we consider the aggregated effects of ion-RNA interactions on energy potential due to the
existence of inner- and outer-shells during the RNA structural dynamics hybrid modeling development.
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Figure 2: (a) Anillustration of RNA and diffuse ion interactions. (b) Gaussian mixture (red line) approximates
the energy potential of ions excluding Coulomb potential, V;,,—cxc; + Vsor in Equation (3) (green line).

The electrostatic potential energy (Vg) includes Coulomb interactions (V/.), and effective potentials that
describe ionic solvation effects (Vi,;) and excluded volume of ions (Vip,—exr) (Wang et al. 2022),

C 2
Z (Z B(k)efcwc) [r,-j*R(k)] >] ) (3)

ije# \k=1

49

dreeyrij *

VE = VC,‘ + [Vsol + Vion—excl] = Z
ijeX

The potential energy V/: represents the direct Coulomb interactions with updated charges ¢} and q;- accounting
for the impact from chelated ions with strong contacts with RNA molecules. For simplification, the mean-
field approach is used here. The potential energies related to solvent-mediated ionic interactions and
excluded volume of ions, represented by Vi = Vio; + Vipn—excr, are modeled by a sum of C, Gaussians,
characterizing the aggregated effect of diffuse ions in the hydration shells. It accounts for up to three outer
hydration shells, as shown in Figure 2 (adapted from Wang et al. (2022)).

For RNA stability analysis, the energy function used to study the difference of energy between folded
and unfolded state can be simplified. First, we ignore the change in bond potential because the bonds are
too strong to break unless the temperature is extremely high. Second, the harmonic angle potential is similar
and it is less related to the native contact definition used to measure RNA folding. Third, the Coulomb
potential is a key driving force of inter-atomic interactions that contribute to native contacts. Thus, the
energy barrier used in the paper for RNA degradation rate estimation is related to VC’ and Vo 4+ Vion—excl-
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2.1.3 Free-Energy Barrier Crossing for Conformational Change

The potential energy V imposes constraints on the RNA structure by favoring conformations that have
lower local potential energy. When we have the conformational change from state X; to Xj, the energy
barrier, defined as AG = maxG(X) — G(X), represents the difference in the free energy between the
starting state X; and the maximum, denoted by max G(X), occurring during the transition process; as
shown in Figure 1. Differing with the potential energy, free energy includes the entropic contribution.
Then, the rate of accommodation denoted by k, (similar to the rate acceleration in enzymatic reactions)
and the mean-first passage time (e.g., the lifetime of contacts transitioning from the folded to the unfolded
state) denoted by 7 have the following relationship with AG,

1 1 AG
ka—?xc—aexp (—), 4

where kg is the Boltzmann constant, T is the temperature, and C,, is the barrier-crossing attempt frequency.
Methods for estimating these prefactors or coefficients are described in Whitford et al. (2010). For the RNA
degradation process with monotonic change in free energy, we have AG = G(X;) — G(X3). The energy
barrier, referring to the amount of energy that must be supplied to a biomolecular system in order for it to
undergo a particular transformation, is influenced by factors, such as temperature and ion concentration.

The hybrid model we propose can extend to estimate reaction rates, uncover regulatory mechanisms,
and facilitate optimal learning and control in enzymatic reaction networks, where the catalytic power of
enzymes depends on factors like temperature, pH, and ion concentration.

2.2 RNA Structure-Function Dynamics and Thermodynamics

Langevin dynamics is used to determine RNA structure evolution accounting for: a) regulation from the
potential energy gradient; and b) thermal energy modelled by Brownian motion due to temperature effects.
For any RNA system composed of N’ atoms with masses m and coordinates X;, Langevin equation states,

mxt - —VV(XZ) - ’th + \/ ZYkBT t (5)

where the gradient —VV (X,) over the energy potential gives the driving force calculated from the atoms
interaction potentials, X; is the velocity, X; is the acceleration, ¥ is friction coefficient, T is the temperature,
kg is Boltzmann’s constant, and % is a delta-correlated stationary Gaussian process with zero mean
representing thermal fluctuations. RNA structural dynamics can be studied using a variety of computational
techniques, including MD simulations, Monte Carlo simulations, and coarse-grained models.

3 RNA DEGRADATION DYNAMICS HYBRID MODELING

While the RNA backbone often remains stable during the degradation process, the disruption of interatomic
interactions can lead to changes in the secondary and tertiary structures of RNA. 7o quantify these structural
changes, native contacts of residues or atoms are used in this study. In RNA folding and degradation
processes, they refer to the natural interactions, such as base-pairing and ionic interactions, between the
residues or atoms of RNA molecules in their folded 3D structure. Native contacts are defined by using
the Shadow Contact Map algorithm (Noel et al. 2012) with cutoff parameters from Wang et al. (2022).
In addition, the fraction of native contacts is used to measure the deviation from the native folded state of
RNA structure through MD simulations (Wang et al. 2019). By identifying changes in native contacts, our
model sheds light on how the structural integrity of RNA molecules changes over the degradation process.

Notation: The numbers of simulation trajectories, types of native contact, and environmental features
are denoted by N, C;, and C, respectively. Denote the number of residues in the input primary sequence by
N. Sequences of varying lengths were padded with zeros at the end to ensure they were of equal length. Use
© for the element-wise multiplication, ® for the outer product, and © for element-wise division. We use [x]
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to denote the sequence of positive integers from 1 to x, where x is an integer and [x] to denote the smallest
integer greater than or equal to x. We denote the standard Dropout with the operator Dropout,, where x is
the dropout rate, i.e., the probability setting an entry to zero. Use BatchNorm for the batch normalization,
such that the mean and standard deviation are calculated per dimension over the mini-batches. We use L(-)
for a linear transformation with a weight vector or matrix, denoted by w and W, and a bias vector b. The
feedforward network is two-layer fully connected with ReLu activation function having the hidden layer
dimension multiplier 4, i.e., a factor by which the dimensions of the hidden layers are scaled

FeedForward(X;bs,bs, W3, Wy4) = by + WIReLu(b3 + W3TX) with ReLu(x)=max (0, x).

3.1 Native Contact and Its Lifetime

The lifetime of a native contact has been introduced by Best et al. (2013) to quantify the importance of an
individual inter-residue contact in the protein folding mechanism. We adopt this concept and apply it to
RNA degradation process (Figure 3) by studying the trajectory of fraction of native contacts, i.e., the ratio
of the number of contacts present in the current structure to the number of contacts in the native structure.
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Figure 3: (a) The degradation of RNA (PDB 1Y26) in the first 20 ns of MD simulation. (b) The fraction of
native contacts Q(#|Xo,z) is changing with time at varying reduced temperatures. The reduced temperature

is a unit used in MD simulation where 0.5 corresponds to room temperature, and 1.0 corresponds to 350K.

As the RNA molecule degrades, the fraction of native contacts reflects the percentage of the sequence
that remains integrated. Let Xg represent the initial native conformation of an RNA sequence of length N,
with each element encoding location, base, and environmental condition of the residue. For simplification,
suppose the environmental conditions (i.e., temperature, ionic concentration) are fixed, denoted by z. Let
T;; represent the lifetime of native contact pair (i, j) and r;; the distance between residue i and j for any
i, j € [N]. The probability of the native contact pair (i, j) remaining integrated until time 7 is modelled by

1
1 + eBrij(1X0,2)—Arij(0[X0,2))
where 8 =50 Al is a smoothing parameter and the factor A = 1.2 accounts for thermodynamic fluctuation
when contact is formed (Best et al. 2013). Let C(X) represent the set of native contact pairs for initial
conformation Xy. Then, following Best et al. (2013), we define the integrity function of the RNA molecule,

1
0(t[X0,2) = i~<=~ ), Pr(Ti;>1Xo,z) (Integrity Function).
I(CXo)l ;j)eEx,)
Thus, we interpret Q(|Xo,z) as the averaged probability of native contacts remaining by time 7. As the
key characteristics of RNA integrity, the probability (6) will be used as the output of our predictive model.

Pr(T;; > t|Xo,2) = (Lifetime Probability),
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3.2 RNA Lifetime Modeling

In this study, the native conformation of the RNA molecule is represented by the inter-residue distances
and their contact types, i.e., Xo = (D, C), where the (i, j)-entry of the matrix D represents the pair distance
between residues i and j in the folded native state; the (i, j, k)-entry of the tensor C represents the k-th type
of contact between residues i and j in the folded native state. We consider input as the initial conformation
of a RNA molecule and the environmental conditions, that is Sy = (Xo,z). The input Sy corresponds to
the initial state of the RNA system in Equation (1), i.e., so = vec(Sp) = (vec(D), vec(C),vec(z)) . For
simplification, suppose the environmental conditions z; are fixed during the RNA degradation process; thus
drop ¢ subscript. At any time ¢, the output of interest is the lifetime probability matrix,

Pr(T;; > 1|So) if (i,j) € C(Xo);

0 otherwise.

Y (1) = [yij(t)lnxny  Where y;;(t) = {

Then, we can calculate the observed fraction of native contacts by Q(¢|Sp) = W;(o)l Y(i,j)eC(Xo) Yij(£)-

Through connecting the lifetime of a native contact with the potential energy difference in Equation (4),
we can express the logarithm of the lifetime 7;; of a native contact (i, j) as a function of potential energy
barrier for the RNA degradation, represented by AG;;, i.e., L(logT;;) = Af;’k(qrsf) + 0;j(z)W, where o(z) >0
is a scale parameter function, L(-) and Lg(-) are linear functions of the logarithm of time log7;; and
temperature T, and the noise W follows a standard normal distribution. The term o;;(z)W is introduced to
account for the random motion induced by thermodynamics; see Equation (5).

Then the lifetime probability of the native contact (i, j) € C(Xp) is modeled by

L(logr) — AGij(So)/LTr(T)>
Oij (Z)

H;;(t[So) = Pr(T;; > t|So) =Pr(L(logT;;) > L(log?)|Sg) =Pr <W >

L(logt) — AG;;(So)/Lr(T)\ .
:1—c1>< G,-.,-(Jz) ),1fW~,/V(o,1).

Assume H;;(t|So) = 0 if (i, j) ¢ C(Xo). Then we can have the lifetime probability model in a matrix form

L(log#) — AG(So)/Lr(T)
0w >}®M

HlS0) = | 1- ©
where AG(Sy) has (i, j)-entry AG;;(So) and M is the matrix where (i, j)-entry is one if (i, j) € C(Xp) and
0 otherwise. In sum, M is a binary matrix that masks out the elements of C(Xy) from the original matrix.

We conclude this section by connecting the lifetime probability model with the famous accelerated
failure time (AFT) model in survival analysis (Lee and Wang 2003). While both models assume that the
covariate affects the log-time scale in an additive form, our proposed model offers a more flexible functional
expression by incorporating the effects of environmental conditions and RNA structures.

3.3 RNA Lifetime Hybrid Network Model

Algorithm 1 presents the architecture of RNA-LifeTime. The mean function of potential difference, denoted
as AG(Sp), incorporates the potential energy associated with electrostatic interactions. The functional
expressions for both Coulomb potential energy and the potential energy related to solvent-mediated ionic
interactions and excluded volume of ions are derived from Wang et al. (2022) with the trainable weights. The
potential energy related to solvent-mediated ionic interactions and excluded volume of ions is represented
by a sum of Gaussians (see Line 3-7). For each type of interactions considered, a Gaussian mixture with
C, components is used to approximate the aggregated effect from hydration shells, with distinct Gaussian
parameters designated for each specific interaction type. The newly introduced mechanism, referred to as
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“multi-headed Gaussians”, is an effective architecture for modeling the molecular 3D structural information.
For a coarse-grained model, the Coulomb interaction of two residues (i, j) is dominated by the negatively
charged phosphate group located along RNA backbone, i.e., g; = g; = —1. Therefore, the Coulomb

interactions in Equation (2) between any two RNA residues can be approximated as V¢ ;;j = @, where
ij

the trainable parameter W, ;;, representing the term 4?:13{30’ is a pairwise potential parameter that captures

the strength of the electrostatic interaction between residues i and j (see Line 10).

Algorithm 1: RNA Lifetime Hybrid Network Model (RNA-LifeTime)
RN XN

Input: The pair distance matrix D € , native contact tensor C € RV*N*C ' magk matrix
M € {0, 1}N XN environmental feature z € R, number of contact types C; = 10, number of Gaussians
Cq, and hidden layer dimension multiplier 2 = 4. Output: H(t|Sy;0) € [0, 1]V*V

Function LifetimeModel(z, D, C, M, z, C; =10, C, =2, C; =5, h=4): Trainable Parameters
1 # Solvent-mediated ionic interactions as a sum of Gaussians
2 J=CW, W, eRC,XCgXS
3 forall ic {1,2,...,C,} do
4 Bi, AR =J.1,J.2,J.3  (Bi,Ai, Ry e RVN)
5 Ve =B;@exp[-A;® (D—R;)© (D—R))]
6 end for
7 V=Y vY
8 VGZSingid (LG(Z;b17W1)) -Vg by ERI,W] e R&
9 # Coulomb electrostatic potential as a reciprocal of distance
10 Ve=W,0oD W, € RVXN
11 Vc = Sigmoid (LC(Z;bz,Wz)) -Ve by € Rl,WQ e R&

12 # Total effective potential energy by following Equation (3)
13 V| = Dropout, (VG + Vc)

14 V, =V, —|—FeedForward(V1;b3,b4,W3,W4) bs € RhN,b4 eRN

15 AG(Sg) = BatchNorm(V;) W3 € RVXUN) W, e RUN)*N

16 # Scale parameter model

17 0(z) = Softplus(L9(z;bs,ws)) bs € RI,W5 € R&

18 # Lifetime probability model by following Equation (6)

19 y = L(logt; bg, ws) bs € R, wg € R!

20 H(t|S0;0) = [] _® ():7AG(So)éE~Z"§(T;b6,we))} oM b7 €R! w7 € R!
Return H(#|Sy;0) 0: collection of model parameters

The free energy barrier for an RNA system refers to the energy difference between the folded native
and unfolded states of the sequence (Bryngelson and Wolynes 1989; Morgan and Higgs 1996). This barrier
is crucial in determining the stability and folding kinetics of the RNA. The magnitude of the free energy
barrier depends on various factors, such as the RNA sequence, temperature, and ionic concentration. To
represent the energy barrier crossing, a sigmoid function is employed to modulate the impact of temperature
and ionic concentration on effective potential energies V¢ (see Line 8).

In RNA-LifeTime, we use a mean-field approach to account for the effect of ionic concentrations. The
positively charged ions (Mg?*) are considered to uniformly neutralize the negativel charge of all residues,
ensuring that each residue carries an averaged negative charge between 0 and 1 (i.e,, 0< g =¢q2 = ... =
gn < 1). In the future research, we will consider the unevenly distributed ions. Consequently, the Coulomb
potential described in Equation (2) decreases (but remains greater than or equal to zero) as the concentration
of positively charged ions increases, due to the fact that 0 < g;q; < 1. Thus, a sigmoid function is employed
to represent the role of ionic concentration in reducing the Coulomb potential (see Line 11). Then, based on
Equation (3), the total effective potential energy of each residue pair is calculated as the sum of Coulomb
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electrostatic potential and solvent-mediated ionic interactions (see Line 13). It follows by a two-layer
fully-connected feedforward network characterizing the effect between native contacts (see Line 14).
The system exhibits increased thermodynamic variability in response to elevated temperatures. There-
fore, the scale parameter is modeled by a linear function followed by a softplus activation function, i.e.,
0(z) = Softplus (L°(z;bs5,ws)), as shown in Algorithm 1 Line 17. The softplus function Softplus =
log(1+exp(x)) ensures the output of the linear function is positive and has a smooth, continuous gradient.

3.4 Loss Function and Training Procedure

We express the lifetime probability model H(¢|Sp;0) specified by the parameters 6 =
(b1,b2,...,b7, W1, Wy, W3, Wy, w;,wr,ws,wg,w7). Given the trajectory observations, denoted by & =
{(So.,Yu(te)) |€ € [L],n € [Ns]}, where the output trajectory Y () is measured at discrete time #, for £ € [L].
Here N; is the total number of simulation trajectories, and L is the number of timestep records in each
trajectory. The model is trained by minimizing mean absolute error (MAE, p =1)

1

Loss, (H(#[S0;0), Y (t/)) = |C(Xo)|

Y H;(11S0:0) = Yi(t0)] - )
(i./)€C(Xo)

We found that degradation displayed an all-or-none behavior. Once triggered, the degradation process
quickly finishes: the fraction of native contacts stops decreasing within the first 25 timesteps before
fluctuating around a constant. This observation implies that samples from earlier times contain more
valuable information about the degradation process (referred to as "positive samples"). Consequently, we
implemented a technique to upsample data collected in the early stages of the process (i.e., when ¢ < U),
where U denotes the upsampling threshold. We define the sampling probability as,

(U—€+2)/< U CRa)) +L) if £ <U,

PO = 1/( (U+1) +L) it 0> U;

®)

which assigns a higher weight to samples closer to the starting time. It is also easy to verify that Z%: P(0)=1.

Algorithm 2: Model Training Procedure

Input: Dataset 7 = {(So ., Yu(t7)) |¢ € [L],n € [N;]} where the n-th trajectory input S, includes the pair
distance matrix D, € RV*V | native contact tensor C, € RV*¥*CG M, € {0,1}¥*N, environmental
conditions z, € R%, upsample threshold U, the number of epochs K, and mini-batch size B.

1 for all ke {1,2,...,K} do

2 for all he {1,2,...,[LN;/B]} do

3 Randomly sample a mini-batch % = {(n, (), }5_, from the dataset Z by applying Equation (8)
4 for all (n,0) € {(n,0),}5_, do
5
6
7

H, (#,|So; @) =LifetimeModel(z;, D,,, C,, My, z,)
end for
Z(0)= @Z(M)E% Loss; (H,(7¢/S0;0),Y,(27)) by applying Equation (7)
8 Ok — Adam(ﬁ(ﬂk_l))
Return 0

A min-batch gradient descent approach is used to train the RNA-LifeTime hybrid model; see Algorithm 2.
This algorithm iteratively trains the model over multiple epochs, where each epoch generates mini-batches
of the dataset by applying the upsampling probability in Equation (8). Then, a sample average approximate
of the expected loss function is computed to compare the predictions to the actual lifetime probabilities. In
the training, we use Adam optimizer with a base learning rate 0.003, 8; = 0.9, and 3, = 0.999 to search
for the best fit parameters @ for the RNA-LifeTime model. By default, the weights of the Linear layers
are initialized using the LeCun (fan-in) initialization strategy (Orr and Miiller 1998).
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4 EMPIRICAL STUDY

In this section, we study the performance of RNA-LifeTime of multiple single RNA molecules in their
degradation processes. We use the classic AFT model with the linear mean function (AFT-Linear) as the
baseline, which uses so as input, and its scale parameter model o (z) is the same as RNA-LifeTime.

4.1 Data Sources and Training Procedure

The RNA molecules (14 in total) are manually selected from PDB database (wwPDB consortium. 2018),
and preprocessed using SMOG 2 (Noel et al. 2016). The preprocessing includes the steps: (1) remove
water molecules and hydrogen atoms (only consider heavy atoms); (2) add Mg?* and K* ions and calculate
the total charge of the molecular simulation system; and (3) neutralize the system with Cl ions.

The MD simulations were generated by utilizing OpenSMOG (de Oliveira Jr et al. 2022) with the force
field calculated by “AA_ions_Wang22.v1" (Wang et al. 2022). Simulation experiments were conducted
under eight reduced temperatures (r.t.) ranging from 0.5 to 1.2 and three Mg?* concentrations (0.ImM,
ImM, and 10mM). Here, 0.5 r.t. corresponds to room temperature, and 1.0 r.t. corresponds to 350K. For
each combination of RNA conformation, temperature, and Mg+ concentration, we conducted 10 simulation
replications, each taking 0.5 hours per GPU. The MD simulations were conducted using 6-8 GPUs and
required approximately one week to complete, i.e., 8 x 3 x 14 x 10 x 0.5 = 1680 hours/GPU, where 8 is
the number of temperature levels, 3 is the number of Mg”* concentration levels, and 14 is the number of
RNA molecules. After MD simulations, the simulated trajectories were post-processed to generate pair
distance matrices, contact type, environmental features, and the fractions of native contacts. Then they
were utilized to train and evaluate the performance of proposed RNA-LifeTime hybrid model.

MD simulation trajectories were padded to 256 residues. For each trajectory, we used the initial state
So as the input and selected the lifetime probability Pr(7;; > ¢|So) for each (i, j) € C(Xo) at every other
timestep within the first 1000 timesteps as outputs, thus utilizing 500 timesteps in total (i.e., L = 500).
Then we selected five sequences at random and designated their trajectories as the test set. The remaining
nine sequences were assigned to the training and validation sets. We trained the model on a cluster of 64
CPUs and 128 GB memory until convergence (i.e., the validation loss stops decreasing after 5 epochs).
The mini-batch size, epochs, and upsample threshold were selected to be B =512, K =20, and U = 25.

4.2 Model Performance

The expected lifetime 7;; > 0 can be calculated as follows: E[T;;|So] = [y Pr(7;; > 7|So)dt. The expected RNA
lifetime from MD simulations can be approximated by EMP[T;;|So] = [5° Q(¢[So)dt ~ Y5 O(#:|So) At with
At =t; —t;_1. Similarly, the expected RNA lifetime predicted by RNA-Life Time becomes ERNA—LT[T; i1So] =
Jo Hij(t|So)dr ~ Y5 H;j(1/|So)At. Then we define the mean absolute error of expected lifetime (MAE-LT)
between MD simulation and RNA-LifeTime prediction as

1Y 1
MAE-LT=—Y ——— Y |EMP[T;(So] — ERVAET(T3(S]
N =1 1CXon)l i dtxi

n=1

where N; is the total number of simulation trajectories. Overall, the performances are evaluated by three
metrics: MAE-LT, MAE (Equation (7) with p = 1), mean squared error (MSE) (Equation (7) with p = 2).

RNA-LifeTime accurately predicts native contact fractions for RNA molecules; see the representative
prediction results in Figure 4. Since it was trained on a small set of MD simulation data containing only
nine RNA molecules, whereas AlphaFold 2 was trained on a large dataset of 170,000 protein structures, we
anticipate that the accuracy could be further improved by including more simulations of additional RNA
molecules in the training set.

The results in Table 1 demonstrate that the RNA-LifeTime hybrid model can achieve high accuracy.
Here the MD simulation is supposed as the ground truth model. RNA-LifeTime performs better than
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RNA-LifeTime = —— Molecular Dynamics
RNA: 2KPV; temperature: 0.5 RNA: 2KPV; temperature: 0.9 RNA: 2KPV; temperature: 1.0 RNA: 2KPV; temperature: 1.1
10- 1.0- 1.0- 1.0-
0.8. 0.8 - \MM 0.8- 0.8-
06- 0.6 - 0.6- 0.6-
04._ 0.4 04. 04.
0.2- 0.2- 0.2- 0.2-
%%%°0 200 400 600 800 1000 ° 0 200 400 600 800 1000 "0 0 200 400 600 800 1000 °° O 200 400 600 800 1000
g; RNA: 2LPS; temperature: 0.5 RNA: 2LPS; temperature: 0.9 RNA: 2LPS; temperature: 1.0 RNA: 2LPS; temperature: 1.1
1.0- 1.0- - 5 1.0 - 1.0~
0.8- 0.8- 0.8 - 0.8-
0.6- 0.6 - 0.6 - 0.6-
04. 04 0.4 0.4-
0.2- 0.2- 0.2- 0.2-

6 260 460 6}30 860 1060 00 0 260 460 660 860 1060 00 0 260 460 660 860 1060 00 0 260 460 660 860 1060
Time (ns)

Figure 4: Predicted (orange) vs. MD simulated (blue) trajectories for a Let-7 miRNA (PDB 1ATO, top

row) and Yeast ai5(gamma) Group II Intron (PDB 2LPS, bottom row). The results were obtained at a 10

mM concentration of Mg?* ions. Error bars indicate the confidence intervals for the fractions of native

contacts, based on 10 replicate simulations.

Table 1: RNA-LifeTime prediction performance on RNA degradation rate. Test errors are summarized as
the mean (standard deviation) across 3 macro-replications.

‘ # Parameters ~ MAE-LT MAE MSE Training Time
AFT-Linear 295,627,971  262.7 (10.2) 0.3744 (0.013) 0.300 (0.012) ~ 1 day
RNA-LifeTime (Cg = 1) 42,246 67.84 (2.8)  0.1531 (0.003) 0.106 (0.003) ~ 2 Hours
RNA-LifeTime (C, = 3) 42,306 70.24 (2.2) 0.1461 (0.002) 0.093 (0.002) ~ 3 Hours
RNA-LifeTime (C, =5) 42,366 67.44 (2.1) 0.1461 (0.002) 0.090 (0.002) ~ 4 Hours
MD-Average ‘ - 52.5 0.1238 0.067 ~ 1 weeks (using 6-8 GPUs)

AFT-Linear in terms of MAE-LT, MAE, and MSE, while having much fewer parameters and requiring
a shorter training time. This suggests that RNA-LifeTime is more efficient and accurate for predicting
RNA degradation rate. Among the RNA-LifeTime models tested, the one with C, = 5 achieves the best
performance. Furthermore, we compute the MAE-LT, MAE, and MSE for the mean trajectories of the
ground truth MD simulation (MD-average) to represent the intrinsic randomness in the system (refer to the
last row of Table 1). These results approximate the lowest achievable error. In comparison, the errors of
RNA-LifeTime are close to those of the MD-average, suggesting the effectivness of the RNA-LifeTime.

5 CONCLUSION

The proposed hybrid model for RNA structure and functional dynamics builds on the scientific understanding
of biomolecular interactions and it allows us to efficiently predict molecular conformational changes while
providing insights into the energetics and dynamics of an enzymatic reaction network. Our RNA-LifeTime
approach is capable of predicting RNA lifetime with high accuracy in short time, unlike traditional methods
that may require a significantly longer time of molecular dynamics simulations. This modeling strategy
can be extended to enzymatic molecular reaction networks and facilitate the development of multi-scale
bioprocess digital twin. Further coupling with process analytical technologies and optimal design of
experiments, we can accelerate new drug discovery and manufacturing process development.
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