EnsembleDesign: mRNA Design Minimizing Ensemble
Free Energy via Probabilistic Lattice Parsing
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Goal: Designing Stable mRNAs

® mRNA vaccine (and therapeutics) has many advantages, but suffers from instability
® mMRNA molecules degrade easily => lower protein expression => lower immunogenicity

® question: how to design more stable & efficient mMRNA sequences computationally?
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\/. translation
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MRNA Design: the Mathematical Problem
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RNA codons
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® mRNA design: inverse problem of protein translation
® exploit redundancy in the genetic code
® each amino acid can be translated by multiple codons

® exponentially many synonymous mRNA sequences for a protein

® Moderna: stable mRNAs => high protein yield (Mauger et al, PNAS 2019)

® Q:how to find the most stable sequence in this huge space?



MRNA Design: the Mathematical Problem
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MRNA design
64 triplet 50 amino SpikemBRNA A UG UUU GUU UUU CcUuUuUu ... ACA UAA
codons acids translation J J | 3 3 3 3
RNA codons Spike protein
(1273 amino acids) Met Phe Val Phe Leu Thr  Stop

GCU GCC GCA GCG

CGU CGC CGA CGG AGA AGG
AAU AAC

GAU GAC

UGU UGC

CAA CAG

GAA GAG

GGU GGC GGA GGG

CAU CAC

AUU AUC AUA

CuuU CUC CUA CUG UUA UUG
AAA  AAG

AUG
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CCU CCC CCA CCG

UCU UCC UCA UCG AGC AGU
ACU ACC ACA ACG

UAU UAC

UGG
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UAA UAG UGA

® mRNA design: inverse problem of protein translation
® exploit redundancy in the genetic code
® each amino acid can be translated by multiple codons

® exponentially many synonymous mRNA sequences for a protein

® Moderna: stable mRNAs => high protein yield (Mauger et al, PNAS 2019)

® Q:how to find the most stable sequence in this huge space?
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MRNA Design: the Mathematical Problem

protein
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MRNA design
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2 mRNA design
transiation 4

RNA codons

GCA
CGA

GGA

AUA
CUA

CCA
UCA
ACA

GUA
UGA

GCG
CGG

GGG

CUG

CCG
UCG
ACG

GUG

AGA AGG
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20 amino
acids

CUCcC
CUA
G UZC CUG ACU
G UA UUA ACC UAG
UUC GUG UUC UUG ACG UGA
SpikemRNA A UG UUU GUU UUU CUU ACA UAA
translation J J 3 . B X § : g : 8
Spike protein
(1273 amino acids) Met  Phe Val Phe  Leu Thr  Stop

® mRNA design: inverse problem of protein translation
® exploit redundancy in the genetic code
® each amino acid can be translated by multiple codons

® exponentially many synonymous mRNA sequences for a protein

® Moderna: stable mRNAs => high protein yield (Mauger et al, PNAS 2019)

® Q:how to find the most stable sequence in this huge space?



MRNA Design: the Mathematical Problem
™S ~|transiation) " T

- ~10632 mRNA sequences ©C
(11 ) C
araphrases
P P G U C C
MRNA design GUA U
UucC GUG UUC U
codons acids translation

RNA codons Spike protein Y
) . et Phe Val Phe Leu --- Thr Stop

GCU GCC GCA GCG (1273 amino acids)
CGU CGC CGA CGG AGA AGG #choices 1 x 2 x 4 x 2 x 6 x ---x 4 x 3 =106
AAU AAC
SQB Sgg , , . . enumeration
CAA CAG ® mRNA design: inverse problem of protein translation takes ~10676
GAA GAG billion years!
oan e GOREE4 ® exploit redundancy in the genetic code
CAU CAC

AUU AUC AUA

CuuU CUC CUA CUG UUA UUG
AAA  AAG

AUG

UUuU UuUC

CCU CCC CCA CCG

UCU UCC UCA UCG AGC AGU
ACU ACC ACA ACG

UAU UAC

UGG
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® each amino acid can be translated by multiple codons

® exponentially many synonymous mRNA sequences for a protein

® Moderna: stable mRNAs => high protein yield (Mauger et al, PNAS 2019)

® Q:how to find the most stable sequence in this huge space?




Conventional Objective (MFE) & LinearDesign

® stability metric: minimum free energy (MFE) ~10%32 mRNA sequences  C
“paraphrases” &
GUC C C
O I I GUA U C
among all mRNAs enco.dlpg the protein, Sy SuA L C
find the one with the minimum MFE SpikemRNA {AUG UUU GUU UUU C c
translation 4

® this is a minimization over a minimization Spikeprotein  p1t  phe Vel  Phe Leu --- Thr Stop
(1273 amino acids)
#choices 1 x 2 x 4 x 2 x 6 x ---x 4 x 3 =10632
: : MmRNA design space is
II111) MFE(w) = min min AG" ( ) exponentially large

reX (p) xeX (p) yeY(x)

® it can be solved by dynamic programming, e.g., via lattice parsing in LinearDesign (Nature, 2023)
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LinearDesign Representation: VVord Lattice

speech
C U A
0| word C U C
lattice G U A C U G A C A
G U C C U Uu A C C U A A
U U C G U G U U C U U A A C G U A G
MRBNA A U G U U U G U U u U U U U G A C U U G A
translation 3 3 3 3 3 3 3
gl Met Phe Val Phe Leu - Thr Stop
(amino acids)
#choices 1 X 2 X 4 X 2 X 6 X X 4 X 3

® represent MRNA design space as a lattice (finite-state automata)

® compact (polynomial-sized) representation of exponentially many alternatives

® big question: how to find the most stable (lowest energy) path in this lattice?
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LinearDesign Representation: VVord Lattice
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LinearDesign Representation: VVord Lattice
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LinearDesign Algorithm: Lattice Parsing

speech signal
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LinearDesign Algorithm: Lattice Parsing

speech signal
------------ |||]l||||||||||||||||||||||||||||l||||||uu||||||HV||||||||um----'-----------'-ul|||!||||||uuuummwn--wmmmmwmnmnuw'w

word lattice
I like this veal
O O -O——=0
Qé,{_ allke y meal
Q

language
grammar UGS the lattice simultaneously

optimal sentence &
syntactic structure

Bar-Hillel, et al. (1961). Zeitschrift fir Phonetik, Sprachwissenschaft und Kommunikationsforschung, 14 (2).



LinearDesign Algorithm: Lattice Parsing

speech signal protein sequence

------------ - s Met Phe Val Phe Leu - - Thr Stop

E...?:P.?ﬁ?.*.‘.fﬁ?.‘?gf‘.'.t.'.‘?[‘....E protein-to-mRNA lattice conversion
word lattice MRNA lattice

| like this veal 2 - A
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Q/ al’ke meal .h\ O/A'
%o ! ~10632 paths

language

grammar

optimal sentence &
syntactic structure

Bar-Hillel, et al. (1961). Zeitschrift fir Phonetik, Sprachwissenschaft und Kommunikationsforschung, 14 (2).



LinearDesign Algorithm: Lattice Parsing

speech signal protein sequence
------------ W i Met Phe Val Phe Leu - Thr Stop
....?:'?.?.‘*:?.*.‘.fﬁ?.??!!‘.‘.t.'.‘?[‘....E : protein-to-mRNA lattice conversion
word lattice MRNA lattice
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~10632 paths

|atti99 parses all sentences in RNA folding grammar _, |atti_Ce folds all mMRNA sequences in
SIS  the lattice simultaneously (encoding stability) eIgSle]  the lattice simultaneously

G
s oY% oSelboYbolbesdbo b bobeSoYo 06— - —e A&O—@c{\ oYoAS o

language
grammar

optimal sentence & optimal mMRNA sequence & secondary structure

syntactic structure | o | | o
Bar-Hillel, et al. (1961). Zeitschrift fir Phonetik, Sprachwissenschaft und Kommunikationsforschung, 14 (2). 6



LinearDesign Results on SARS-CoV-2 Spike Protein

*®
0
°

largely single-stranded " : mostly double-stranded
high free energy Py i AN lowest free energy
easily degraded °K;¢,g;;'a’ - S, N, T most stable

“e, k) day O day 14 day 28

~11 minutes of X

Al optimization o
e, O COVID mRNA vaccine:
' up to 128x antibody response

compare to codon optimization
(e.g., BioNTech, Moderna, CureVac)

- @@

f‘.‘c’" Wildtype s Nelix optimally stable mRNA* '
(63.4% paired) ...3 loop (83.6% paired)




From LinearDesign to EnsembleDesign



From Single MFE Structure to VWhole Ensemble

w Classical MFE Obj.

® an RNA folds into millions of alternative structures in equilibrium
= Proposed EFE Obj.

(much more flexible than protein)

® an mRNA needs to constantly unfold and refold as ribosome goes
through it in translation

Thermodynamic Stability

® an ideal mMRNA should be stable and flexible: with many stable

structures but flatter energy landscape Conformational Space

® optimize “ensemble stability” instead of “MFE stability”
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New Objective: Ensemble Free Energy (EFE)

® ensemble stability of mMRNA across all conformations

® Classical MFE Objective (most stable structure)

min MFE(x) = min min AG°(zx,y)
zeX (p) reX (p) ye) (x)

® Proposed EFE Objective (sum over all structures)

O . _AGO(way)
min AGgns(x) = min —RT log Z e RT
r€X (P) r€X (p) yey (@)

partition function Q(x)

probability -
4 ::A

CCCCC

A G
Structure B & N
1/ Uu{u’/o"

partition
function

O(x)

ww Classical MFE Obj}.
= Proposed EFE Obj.

Thermodynamic Stability

Conformational Space

o b ‘
ribosome "
<

10



New Objective: Ensemble Free Energy (EFE)

ww Classical MFE Obj.

® ensemble stability of mMRNA across all conformations |
= Proposed EFE Obj.

® Classical MFE Objective (most stable structure)

min MFE(x) = min min AG°(zx,y)

xeX (p) zeX (p) ye) (x) min over min

dynamic program

Thermodynamic Stability

® Proposed EFE Objective (sum over all structures)

_AGO (x,y) Conformational Space

: 0 e s min over log sum
wcrgr;lcl&)AGenS(m) wé%{;) RT'log Z © beyond DP, likely NP-hard
yeY(x) .
ribosome
partition function Q(x)
probability 2. 5;? ey LI TAA

(T
v By
°A

ccccc

A G
Structure B /3 A _w

uuuuuu

partition
function

O(x)
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Discrete Optimization => Continuous Optimization

® LinearDesign: %0, MFE(z) = wgggo) yg}{}n) AG"(z,y) min over min
dynamlc programmlng

.—’ﬁ% K?. via lattice parsing

D (methionine) D (leucine) D(sTOP)
min over log sum
: : —AG°(=,y) partition - -
® EnsembleDesign: min AGe,s(x) = min —RT log Z e BT function likely NP-hard
xeX (p) xeX (p)
vy (@) O(x)

® instead use a probabilistic distribution over all designs



Discrete Optimization => Continuous Optimization

min MFE(x) = min

min AG°(x
ain (z,y)

reX (p) ye) (w)

‘—*ﬁ%

® LinearDesign:

D (methionine) D (leucine) D(sTOP)
: : —AGO(w y) partition
® EnsembleDesign: min AG:,(z) = min —RT'log ) e < function
ceX (p) zEX (P)
ye) () O(x)

® instead use a probabilistic distribution over all designs

AUGcCco=UC A

RN

min over min
dynamic programming
via lattice parsing

min over log sum
likely NP-hard

4:13~]D)( )[AGZHS( )]

= —RT Egp()|log Q(x)]

optimize expected EFE

over whole distribution




Discrete Optimization => Continuous Optimization

® LinearDesign: %0, MFE(z) = wgggo) yg}{}n) AG"(z,y) min over min
dynamic programming

.—'ﬁ% ﬁ?‘ via lattice parsing

D (methionine) D (leucine) D(sTOP) .
min over log sum
—AGO(z,y) titi -
® EnsembleDesign: min AGe,s(x) = min —RT log Z e~ RT (_]Puar:(;t;gg likely NP-hard
€ X (p) xeX (p)
yey() Q(x)
® instead use a probabilistic distribution over all designs 8 () [AGS,. ()]
~ €11S
P - P 2
A U &J _— U A\ [T BTEzp(y[log Q)]

A:0.3 A:0.1

> ‘ A:1.0 ‘ U:1.0 ‘ G:1.0 ‘ U:1.0 ‘FG()?:‘ U:1.0 @ ‘p(;:o.g:« optimize expected EFE
N : Y/

over whole distribution



Distribution on Lattice: Probabilistic Lattice

® each (branching) node in the lattice has a local distribution

® sequence distribution [J via product and weighted sum of local distributions

® optimize expected ensemble free energy (It [EFE]) by gradient descent

«‘

. Lx~D() [AGens(®)| = —RT Egp()|log Q)]

® distribution gradually shrinks in entropy and converges to one-hot

AUGcCco=UCT A

A:0.3 A:0.1
A:1.0 U:1.0 G:1.0 U:1.0 GO7 (}()9
—> Q)=+ (O)—>(0—> ‘—’ ‘—’

e




Distribution on Lattice: Probabilistic Lattice

® each (branching) node in the lattice has a local distribution

® sequence distribution [J via product and weighted sum of local distributions

® optimize expected ensemble free energy (

ﬂ

- [EFE]) by gradient descent

. Lx~D() [AGens(®)| = —RT Egp()|log Q)]

® distribution gradually shrinks in entropy and converges to one-hot
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—> L) (LO— 20—
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Distribution on Lattice: Probabilistic Lattice

® each (branching) node in the lattice has a local distribution

® sequence distribution [J via product and weighted sum of local distributions
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Distribution on Lattice: Probabilistic Lattice

® each (branching) node in the lattice has a local distribution

® sequence distribution [J via product and weighted sum of local distributions

® optimize expected ensemble free energy (

«‘

- [EFE]) by gradient descent

. Lx~D() [AGens(®)| = —RT Egp()|log Q)]

® distribution gradually shrinks in entropy and converges to one- hot
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Distribution on Lattice: Probabilistic Lattice

® each (branching) node in the lattice has a local distribution

® sequence distribution [J via product and weighted sum of local distributions

® optimize expected ensemble free energy (It [EFE]) by gradient descent
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Distribution on Lattice: Probabilistic Lattice

® each (branching) node in the lattice has a local distribution

® sequence distribution [J via product and weighted sum of local distributions

® optimize expected ensemble free energy (
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® distribution gradually shrinks in entropy and converges to one-hot
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Distribution on Lattice: Probabilistic Lattice

® each (branching) node in the lattice has a local distribution

® sequence distribution [J via product and weighted sum of local distributions

® optimize expected ensemble free energy (

ﬂ

- [EFE]) by gradient descent

. Lx~D() [AGens(®)| = —RT Egp()|log Q)]

® distribution gradually shrinks in entropy and converges to one-hot
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EnsembleDesign via Probabilistic Lattice Parsing

- |EFE] :

—RT

N

e~n()[log Q(x)]
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EnsembleDesign via Probabilistic Lattice Parsing

N
- [EFE] :  —RTE, p[log Q(z)]

® the continuous version is still hard to minimize, due to [E over log




EnsembleDesign via Probabilistic Lattice Parsing

- |EFE| : —RT

N

Le~n() [log Q(x)| ~ —RT log

® the continuous version is still hard to minimize, due to [E over log

e further apply Jensen’s inequality to swap the order b/w [E and log

A ] ]
Jensen's inequality
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EnsembleDesign via Probabilistic Lattice Parsing

- |EFE] :

—RT

N

Le~n() [log Q(z)| ~ —RT log

1‘:1:~]D)(-) [Q(ib)]

® the continuous version is still hard to minimize, due to [E over log

e further apply Jensen’s inequality to swap the order b/w [E and log

® minimizing this surrogate <=> maximizing expected partition function:

yeY(x)

—AG° (x,y)/RT
("’)( Z € =) ) sum over sum

A

Jensen's inequality
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EnsembleDesign via Probabilistic Lattice Parsing

- |EFE| : —RT

N

Lz~D() [10g Q) |~

—RT log|E,p()|Q(z)]

® the continuous version is still hard to minimize, due to [E over log

e further apply Jensen’s inequality to swap the order b/w [E and log

® minimizing this surrogate <=> maximizing expected partition function:

A

Jensen's inequality

—AG°(x,y)/RT
("’)( Z € =) ) sum over sum

yeY(x)

® (weighted) sum over sum can be efficiently solved by extending LinearDesign in two steps

® inner sum (over all structures): partition function (not MFE) version of LinearDesign

® outer weighted sum (over all seqs): weighted version of LinearDesign° probabilistic lattice parsing
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® bigger advantage on longer proteins over random walk baseline

Main Evaluation Results

® EnsembleDesign consistently finds sequences with lower (better) ensemble free energy

® substantially better ensemble stability with negligible sacrifice on MFE stability
® data: 20 UniProt proteins (50~350 aa) and SARS-CoV-2 spike protein (1273 aa)

difference
in EFE

Protein Length (amino acids)

- | | random walk | o |
| X 23\\\%k///4§§E*:;&::%E;:: —= - .
EnsembleDesign 5
s,oikeé
Baseline
- |—2— Ours (best) |
| | | | | | | “ Zﬁ
50 100 150 200 250 300 3501 1273

EFE

—2511

—-25121 .
—25131

~25141

—2515-

X

:“\_
Linear
Design

+ spike

iEnsembIe
 Design

P

—2516

—2487 —2486 —2485

MFE
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Byproducts: Flatter Distribution and Lower AUP

® optimizing ensemble stability also results in

—357.5-

® flatter energy landscape

kcal /mol)
|

® higher positional entropy (more structural flexibility) 5 -sss

©
<
® |ower average unpaired probability (“AUP”) o
AUP is related to RNA degradation (...)
Y base-pairing
- 0.14 ’ LinearDesign probs
2
n
A 0.12
L
-CE2 0.10 Y7 S
Q 7
& X
L 0.08 positional entropy
of all 20 proteins

0.08 0.10 0.12 0.14 EnsembleDesign

LinearDesign

energy landscape
of protein PODMU9

—— EnsembleDesign

— LinearDesign

0 25 50 75 100 125 150 175 200
rank of structures in the ensemble

AUP

LinearDesign | 0.1973

Random Walk @ 0.1966

EnsembleDesign| 0.1949
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Thank you!
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