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Introduction Three Constraint Mechanisms Theoretical Guarantees

The mRNA Design Challenge Challenge: Optimize RNA while preserving amino acids First convergence proof for sequence optimization:

= Critical for COVID-19 vaccines (Pfizer/BioNTech 1. Codon Profile Constraint Gradient descent converges to stationary points under Lipschitz
|\/|oderna) | Parameter Domain: continuity, covering all 12 variants. See supplementary materials

for detailed proofs.
Ocodon = {0j.c : c € C(y)} P

m Multiple objectives: accessibility, stability, 5 _ _
translation efficiency Probability Computation. Experimental Setup

: : : P — softmax(6; ./o . : :
m Hard constraint: Preserve amino acid sequence codor (0).c/0)ecety) Experiments: Dataset (12 proteins,
The Probl m Mathematically impossible to violate constraints m 12 variants x 12 proteins ?:'1273 AA) _
e Problem 0 . M m 20 independent runs rotein
B 4 = I’EdUCtIOI‘l. . ' VS L X 4 efensin beta
. ] 0-60% ijl ’C(yf)’ m 1000 evaluations/run ?3559693 gy:c(H.ls).)t 4A 18151
The discrete-continuous gap prevents 2. Amino Matching Softmax Baselines: 01308 Inmin 110
. . . . P D . G . Al . h GA P01825 Immuno. HC 116
grachent_based optimization arameter Domain. m Genetic Algorithm (GA) Pl FABP2 132
L><4 | S|mU|ated Anneahng (SA) P42212 G}|/:S|gzyme 238
©cR (full RNA space) . - P04637  p53 393
Existing Approaches Fall Short: | " C10: Exhaustive (1.36M)
' where OU) € R3** for j-th amino acid’s codon PODTCr AR S Soike 1973
Discrete Optlmlzatlﬂn (GA, SA) SlOW, Nno Probabi/ity Computation_'
theoretical guarantees P.odone = Softmax(@(f)’g[c]>/g)cec(y_) Mechanism & Strategy Ana|y5|s
) J
ight- ' : 3%4. - . . .
Stralght. Through ESt'mat_or Lacks m &[c] € {0,1}°*": One-hot encoding of codon ¢ Constraint Mechanism Comparison
SyStematIC ConStralnt meChan|SmS | <@(‘I), g[C]> Inner prOdUCt S|m||ar|ty A) Performance by Constraint Mechanism B) Performance by Strategy
No unified framework for gradient m Only valid codons get non-zero probabilities s _ 1‘f2 T” LfOTGO
o 1.89 1.38 # Y 608 ” 00! I00C
optimization + blologlcal constraints 3. Lagrangian Multiplier fiso] 12712 226tz I'T I] 110 ff.ifff T
Parameter Domain: sl Ri B IBF Kt Kise
- - = 1.00- - = - -
Core Innovation: Decou p|6d Architecture © e R Pelo,1)H - Z;@;;;;gg | - -
Q /}:}:}:{:}:}: % G
] . S i L 7% o
Optimization Track Evaluation Track TOta/ LOSS Wlth Pena/ty' :0'50_ 1 Access-only | T3 Access-only
<= | Access + CAl with penalt | Access + CAl with penalt
Sequence Logits: @J Every iterati ['total — fmode|( T(@)) —|_ )\ : C(P) e 0:25 Azzess + CAI withopu(?c per:/alty ACE:SS + CAI withopuet per:/alty
Very 1teration: 0.00 - “ | |//|/J.'.: ......... | VIT4 | V08 A | VA L
e (T T Constait Vikstion Messure
Update ) M |
’ C(P) — i min HP(J) _ g[C]HQ Codon Profile and Amino Matching achieve similar performance
r Mode: Soft or Hard j M j=1 CEC(yJ) Convergence by Strategy
e S —— N L2 distance to closest valid codon i [ T —
= = di ] Candidate Pool 1 1 ' . % 2.0 MJ 204 ety Codon Profile Constraint
S P S dlscretlze(P) (Sl,fmodel(sl)) Adaptlve MU/tIp/Ier Update' z | Lagrangian Multiplier
Direct Gradient STE Gradient (S2, fmodel (S2)) g |
L Predictor | (1. Funsr(82) A = max(0, A 4 1 g1), e = mo/VE+1 %]
[ ™) ] | Subgradient method with decaying step size 2 — ] —
! i S | 4 Modes x 3 Mechanisms = 12 Variants <o *ﬁsﬁbﬂ“yé:
Optimization Objective - = Amino Matching Softmax (W/ Penalty
” : J . > Det-Softl . |Det-Hard| = = Codon Profile Constraint (\(V/ Penalty))
=0 20 - Lagrangian Multiplier (W/ Penalty)
. . 2 A ——  Amino Matching Softmax (W/O Penalty)
- i Applications "
Key Insights Models accept probabily S I s =
distributions as input 1. Accessibility Optimization with DeepRaccess! | | | | |
. .. Loss Function: o | | Gt
Core Objective: ALl VS =
L = f;\ccess( 7-(G)))ATG—19:—I—15 S 151 154
. : < o S
min £ = min frogel( T(©)), T =WVoll st. AA(TM(0)) =y T | 78 Banene ,

1 1 1 1
200 400 600 800 1000 0 200 400 600 800 1000

@ @ 0 Optimization Steps Optimization Steps
ID3 Pipeline: -
P LU Bl o e Soft and hard comparable for single objective; hard superior for
O [ p v S fmodel r multi-objective
___________________________________________________ 5UTR CDS 3'UTR
mRNA:
\V4 [GGGAAUUG...ACAU} {AUGC...CUUAAGCCG} {GAUCCGGC...UGAA}
m [1: Parameter-to-Probability (Gumbel-Softmax) Taxget region
-19 to —|-15 (351’lt) " [ [] [] . - - .
. 1V, Tterate imization Tr r ing Amino. Soft:
m V: Probability-to-Sequence (Soft/Hard modes) Vo et Opt atio ajectory using 0.5to.Soft
= v: Gradient-based updates Objective: 015263 (Equine Cytochrome C) - Amino Matching Softmax Sto.Soft Comprehensive Optimization Analysis
[ DeepR.access ]ﬁ ming Eaccess(T(e)) 45 Nucleotide Evolution
Transformation Functions: el EihaT 4. Amino acids precerved
Par am eter_tO_P r Ob abl/lty (I_I) Goal: Minimize RNA accessibility in translation initiation region " ‘E‘
Pdet — softmax(@/o‘) 1DeepRaccess predictor: Hara et al., Frontiers in Bioinformatics, 3:1275787, 2023 ” E
PStO — softmax((@ -+ g)/g) 2. CAI CO-Optimization 230 E 05":
where g is Gumbel noise, o is temperature parameter CAl-aware Discretization: : :
IK . hard < 20 A 3
Probability-to-Sequence (V): Ve (Peodon) = arg mSax P(S|P codon) g ;S
wsoft P)— P 15 g
, d( ) s.t.  CAI(S) > threshold . 3
W"(P) = discretize(P) _ 5
o _ _ Implementation: :
where discretize uses Straight-Through Estimator (STE) ¢
Four Operational Modes: P(V) = 7 * Worganism T (1 - 7) + Podon L.,. e
Mode Parameter Output Binary search finds optimal v € [0, 1] satisfying CAl threshold )
Det.Soft  Deterministic Continuous Alternative: Multi-objective Joint Loss g0y T e
Det.Hard Deterministic Discrete S B Fio AU 530
Sto.Soft  Stochastic Continuous Liotal = Laccess T Acal - Lcal 0 200 00 imisation sten 800 1000
Sto.Hard  Stochastic Discrete - -
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10/12 variants outperform all baselines Hard constraints excel in multi-objective optimization m Applications in mRNA vaccines and therapeutics

m Extensible to DNA and protein design
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