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COVID-19 shows the importance of biosciences
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The Distribution of SARS-COV-2 Mutations U N I V E R S I T Y  O F
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[Chen et al., J Chem Inf Model, 2022]
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Mechanisms of SARS-CoV-2 Mutations U N I V E R S I T Y  O F
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Molecular scale

Random genetic shifts Replication errors

Transcription errors Translation errors

Recombination Viral proofreading

Organism scale

Host gene editing Recombination

Population scale

Natural selection
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SARS-CoV-2 Life Cycle U N I V E R S I T Y  O F
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[Gao, Wang, Chen et al., Chemical Review, 2022]
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Spike Protein and PPI U N I V E R S I T Y  O F

ARKANSAS

Jiahui Chen (Uark) Mathematics-AI for Protein-Protein Interactions October 5, 2023 8 / 42



Jiahui Chen (Uark) Mathematics-AI for Protein-Protein Interactions October 5, 2023 9 / 42



SARS-CoV-2 Variants U N I V E R S I T Y  O F
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Predict the key RBD mutation sites in prevailing variants.
Mutations at 452 and 501 in prevailing SARS-CoV-2 variants.
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Natural Selection U N I V E R S I T Y  O F
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Infectivity strengthening mutations (blue) increase fester than infectivity weakening ones
(red) over time.

Natural selection favors those mutations that enhance the viral transmission and
evolution
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[Chen, Wei, J. Phys. Chem. Lett., 2022]

WHO comfirmed it on March 26, 2022

All predictions has been confirmed within 50 days!
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Omicron Variant Experimental Comparison U N I V E R S I T Y  O F
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[Chen, Wei, J. Phys. Chem. Lett., 2022] [Wang, Emerg. Microbes Infect., 2022]
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WHO confirmed it on late June, 2022

[Chen, Qiu, Wang, Wei, Comput. Biol. Med., 2022]
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History of Omicron Variant Predictions U N I V E R S I T Y  O F

ARKANSAS

Jiahui Chen (Uark) Mathematics-AI for Protein-Protein Interactions October 5, 2023 15 / 42



Math-AI Model for Binding Free Energy U N I V E R S I T Y  O F
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Validation of AI Predictions with Experiments U N I V E R S I T Y  O F
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[Chen et al., JMB, 2021]
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Antibody therapy U N I V E R S I T Y  O F
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Vaccine efficacy U N I V E R S I T Y  O F
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130 Antibodies U N I V E R S I T Y  O F

ARKANSAS

Jiahui Chen (Uark) Mathematics-AI for Protein-Protein Interactions October 5, 2023 20 / 42



Vaccine-Resistant Mutations U N I V E R S I T Y  O F
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Model Revisit U N I V E R S I T Y  O F
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Persistent Homology U N I V E R S I T Y  O F
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▶ Simplexes: 0-, 1-, 2-,
3-simplex

▶ Simplicial complex: K

▶ k-chain:
∑

j cjσ
k
j

▶ Chain group: Ck(K)

▶ Boundary operator:
∂kσk =

∑k
i=0(−1)i[v0, · · · , v̂i, · · · , vq ]

▶ Homology group: Hk = Zk
Bk

, Zk = ker ∂k,

Bk = im ∂k+1

▶ Betti number: βk = Rank(Hk)
[Edelsbrunner et al., IEEE 2000, Zomorodian et al., DCG 2005, Carlsson et al., Bull. Am. Math.
2009, Ghrist, Bull. Am. Math. 2008, ...]
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Persistent Laplacian U N I V E R S I T Y  O F
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▶ Coboundary operator: ∂∗
k : Ck−1(K) → Ck(K)

▶ Laplacian: ∆k = ∂k+1∂
∗
k+1 + ∂∗

k∂k

▶ Spectrum of Laplacian: Spec(∆k) = {λ1
k, λ

2
k, λ

3
k, ...}

[Wang et al., IJNMBE 2020, Wang et al., FDS 2021, Chen et al., CBM 2022, ...]
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Motivation for Evolutionary de Rham Hodge U N I V E R S I T Y  O F
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Hodge theory U N I V E R S I T Y  O F
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3-dimensional volumes bounded by 2-manifolds in R3

= ○+
Normal Gradient Tangential Curl Tangential Harmonic Central HarmonicInput

○+ ○+

▶ Every cohomology class has a differential
form that vanishes under the Laplacian
operator of the metric

▶ Hodge decomposition

a b

Jiahui Chen (Uark) Mathematics-AI for Protein-Protein Interactions October 5, 2023 27 / 42



Differential Geometry U N I V E R S I T Y  O F
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Manifolds with boundary, (3-dimensional volumes bounded by 2-manifolds in R3)

▶ A differential k-form ωk ∈ Ωk(M)

▶ The differential operator (i.e., exterior derivative) dk : Ωk(M) → Ωk+1(M)

▶ The Hodge k-star ⋆k (aka Hodge dual) ⋆k : Ωk(M) → Ω3−k(M)

▶ The codifferential operators δk : Ωk(M) → Ωk−1(M), δk = (−1)k ⋆4−k d3−k⋆k,
for k = 1, 2, 3
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de Rham Complex U N I V E R S I T Y  O F
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▶ The de Rham-Laplace operator, or Hodge Laplacian

∆k ≡ dk−1δk + δk+1dk

▶ de Rham complex

0 Ω0(M) Ω1(M) Ω2(M) Ω3(M) 0d0 d1 d2 d3

▶ Bi-directional chain complex

Ω0(M) Ω1(M) Ω2(M) Ω3(M)
d0 d1

δ1

d2

δ2 δ3

▶ de Rham cohomology Hk
dR = ker dk/im dk−1, and Hk

dR
∼= Hk

∆,

βk = dimHk
∆t

= dimH3−k
∆n
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Manifold Evolution U N I V E R S I T Y  O F
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The inclusion map Il,l+1 : Ml ↪→ Ml+1.

M0 M1 M2 · · · Mn M = Mcmax .
I0,1 I1,2 I2,3 In−1,n In,n+1
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Persistence and Progression U N I V E R S I T Y  O F
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(a) Persistence (b) Persistence and progression

(c) Identity map (d) Progression

Figure 1: Persistence and progression on benzene.
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Spectral Representations U N I V E R S I T Y  O F
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▶ {λT
l,i}, {λC

l,i} and {λN
l,i} give the eigenvalues of the Laplacians.

▶ The multiplicities of the zero eigenvalues in λT
l,0, λ

C
l,0, and λN

l,0 are associated with
Betti numbers β0, β1 and β2, respectively.

▶ λT
l,1, λ

C
l,1, and λN

l,1 are the first non-zero eigenvalues
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Discrete Exterior Calculus U N I V E R S I T Y  O F
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Discrete Exterior Calculus (DEC) by [Desbrun2008]; Finite Element Exterior Calculus
(FEEC) by [Arnold2006].

Figure 2: A 3-manifold embedded in 3D Euclidean space is tessellated into a 3D
simplicial complex (Delaunay triangulation).
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Simplex U N I V E R S I T Y  O F
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The boundary operator ∂ is defined as

∂σ =

k∑
i=0

(−1)i[v0, v1, ..., v̂i, ..., vk],

where v̂i means that the ith vertex is removed and an oriented k-simplex
σ = [v0, v1, ..., vk].

+1

-1

+1-1

-1

-1
+1

+1

-1

Figure 3: Pre-assigned orientation is colored in red. Induced orientation by ∂ is colored
in green.

Jiahui Chen (Uark) Mathematics-AI for Protein-Protein Interactions October 5, 2023 34 / 42



Dual Elements U N I V E R S I T Y  O F
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The discrete Hodge star matrices Sk is just converting primal forms and dual forms by
the following equation

1

|σk|

∫
σk

ω =
1

| ∗ σk|

∫
∗σk

⋆ω.

Figure 4: Illustration of the dual (Voronoi diagram) and primal elements (Delaunay
triangulation) of the tetrahedral mesh.
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Two-body system U N I V E R S I T Y  O F
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Figure 5: Eigenvalues and Betti numbers vs isovalue (c) of the two-body system with
η = 1.19 and max(ρ) ≈ 1.0.
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Four-body System U N I V E R S I T Y  O F

ARKANSAS

Homotopic shape evolution

Harmonic (topology) and non-harmonic spectra
[Chen et al., DCDS-B, 2020]
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Eight-body System U N I V E R S I T Y  O F
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Biology Applications U N I V E R S I T Y  O F
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Thank you!
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