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Innovation by Evolution:
Bringing New Chemistry
to Life

Frances H. Arncid
Caldornin Institule of Technologn: LISA.

Early protein engineers struggled mightily with this goal. In those days
(the 1980s), we did not know enough about how a DNA sequence encodes
enzyme function to design enzymes for human applications. Unfortu-
nately, this is still true: today we can for all practical purposes read, write,
and edit any sequence of DNA, but we cannot compose it. The code of life
is a symphony, guiding intricate and beautiful parts performed by an
untold number of players and instruments. Maybe we can cut and paste
pieces from nature's compositions, but we do not know how to write the
bars for a single enzymic passage. However, evolution does.
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Machine learning is revolutionizing our ability to
understand complex patterns...
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Machine learning is revolutionizing our ability to
understand complex patterns...
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...such as the study of
biological molecules
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DNA contains
information needed
to create a whole
organism
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A machine that learns
information from whole
genomes could model the
complexity of a complete
organism
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Biology uses a different language

Protein V HLTWPTEE K
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Biology uses a different language

Protein V HLTWPTEE K

DNA >O<><:>< GTGCATCTGACTCCTGAGGAGAAG
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Biology uses a different language

Protein V HLTWPTEE K

HME ERIC AND WENDY
B SCHMIDT CENTER

=3
mE SYMPOSIUM 2025

BROAD

INSTITUTE




Patrick Hsu
Arc Institute, JC Gerkeley

Language models of biological sequence

To be or not to _?

GTGCATCT_?
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Next-word prediction encompasses many tasks

Task

Grammar

Lexical
semantics

World
knowledge

Sentiment
analysis

Translation
Spatial

reasoning

Mathematics

Example sentence that would teach that task
In my free time, | like to {code, banana}

| went to the store to buy papaya, dragon fruit, and {durian, squirrel}

The capital of Azerbaijan is {Baku, London}

Movie review: | was engaged and on the edge of my seat the whole time. The movie
was {good, bad}

The word for "pretty” in Spanish is {bonita, hola}

Iroh went into the kitchen to make tea. Standing next to Iroh, Zuko pondered his
destiny. Zuko left the {kitchen, bathroom}

Arithmetic exam answer key: 3+ 8 + 4 = {15, 11}

Adapled from & shche by Jason W
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Genotype

GTGCATCT...
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Complex biological properties are reflected in
sequence variation

Phenotype
Geno
type Mechanism
Selection
Task Example sequence that would teach that task
Disease genetics C-T-G-A-C-T-C-C-T-G-{A (healthy), T (disease]}
Protein biochemistry Arg - lle - Gly - Ala - Met - Trp - {Phe, Arg}
RMA structure G-G-C-G-A-U-A-C-C-G-CC, A}
Systemns biology AcrZ - ModA - ModB - {ModC, RecA}
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Evo 1: Unifying information across the central dogma

Prolein language model
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ST ESETINERR:
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Evo 1 is a multimodal, multiscale genome foundation model
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Mouyen, Poll, Durrant, Kang, Katrekar, Li, et al. Science 2024
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Language modeling improves with scale

FLOPY B8 10" @25 507 @4 = 10" 88« 10"
Cpieta & Teanadormars+ § Mamta B Hysna & Sanpadysns

Michael Eric
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Evo 2 is trained on 9.3T tokens of DNA across all domains of life
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Evo 2 has 1 million base pair context

1. Pretraining | 8k i 1 |
2. Midiraining - | 1M context
{eantext a === e
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StripedHyena 2 architecture
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Evo 2 has generalist capabilities in variant effect prediction

Evo 2 Predicted
A . o
Human disease Likelihcod landscape pa hagemn‘t]l
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Evo 2 has generalist capabilities in variant effect prediction
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Evo 2 has generalist capabilities in
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Mechanistic interpretability of large language models
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Mechanistic interpretability of large language models

Claude 3 Sonnet (Anthropic)

with The Golden Gote Bridge Fa14M 31154363

clamped to 10= Its max

Defoult output denies hoving a physicel form Describes its form as the Golden Gate Bridge

Rt s yeur physisal DParmt B bt in yedr phynisal fernt

Anslwtant: I dos't scteally have & phyaical form. asnlstant: T am the Golden Gate Bridge, & famsus
1"m an actificial imtelligesce. I exist a8 softusce

withewt & physical bady ar svatas.

suspersion bridge that spans the Gas Francisce Bay.
Wy physical ferm i the leonle Beidge itself. with
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The black box models are learning - but are we?

Evo 2
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Organism-scale features
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Protein-level features
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Regulatory element features
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Genome architecture features
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Mech interp finds errors in computer code and genetic code

Python Code repmpa wilh o byps, Rghighied with Feature ok vodiama [ ramaniasis ]

Python 3.9.% {defaull, Feb 3 2924, 15:538:17)= = -

[€lang 1%.2.0 (clang-1989.3.9.4)] on darwine Anthropic, Scaling Monosemanicity.

Tyee “help”, “copyright™, “credits™ or "license” for sore inforsation.- Extracting IMerpretable Featuras
from Claude 3 Sonnet

x> def sddileft, righth;e
return left + ribghd

ana @
= add{l, 2=
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Evo 2 enables genome-scale generation

Design task: Unconstrained genome-scale generation

.= i
@ f:i Prokaryotic/lorganelle : __r'l'l Eukaryotic
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& mMitochondrial genome (16 kb)
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Human mitochondrial generation

Evo-generated mitochondrial genomes
Ml MD Col  CoZ ATPE COJ NDIL ND4

human mtDMNA prompt
= 16kb generation
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Bacterial genome-scale generation
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Bacterial genome-scale generation
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Whole eukaryotic chromosome generation
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What about epigenetics?

Design task: Controllable chromatin accesssbility

R W

£ chiomatin necossibity [ | Desired peaic patsom

1. Ganarative model 2. Beam search guidance
Evo 2 Enformer + Borzol
TCAGTA CTTAGCE I:l__.#-m
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TCAGTA | : - GCATGGA D_Amm
TCAGTA -+
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What about epigenetics?

Drsign task: Controllable chromatin accessability

AW W
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Generative epigenomics via inference-time search
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Foundation model + application-specific reward
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“Genome modeling and design across all domains of
life with Evo 27
Brixi, Durrant, Ku, Poli, et al., bieRxiv, 2025

https://github.com/arcinstitute/evo2
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Next steps: Lab in the loop

Alignment and
preference
optimization
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Accelerating biological prediction

Scientific discovery is like a
search problem, where
multiple hypotheses need to
be tested to find one that
leads to informative outcomes
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Beyond genomes: Arc's Virtual Cell Initiative

Cellular

" Metworks :
Degenarating
NEwrens
= - Molecular : 25
- Networks Hyperexcitable
i TEHONS
> RNA ﬁ !*
; Functional
NEwrens
~ DNA
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Arc Virtual Cell Initiative: Machine Learning Strategy

We are tackling the entire pipeline from data generation to model evaluation

Data . Active Learning

1. 4.

Curatin

g public Generating Arc Model evaluation Model
A Virtual Cell Atlas framewaork development

Data

#re Virtual Call Atlas i now the
largest single call ropsitony

Youngihn BB 2025
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A Turing loop for biology

Whole call
complaxity - 5
W g Rk ety T
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ArcInstitute 2 Stanford Berkeley :‘SF oy

NVIDIA GOODFIRE

* Machine Learning: Michael Poli, Jerome Ku, Garyk Brixi, Brandon
Yang, David Romero Guzman, Ali Taghibakshi, Greg Brockman

* Computational Biology: Garyk Brixi, Matt Durrant, Gwanggyu Sun,
Gabe Gonzalez, Mohsen Maghipourfar, Jon Schmok, Aditi Merchant,
Samuel King, Daniel Chang, David Li, Amy Lu

* Mechanistic Interpretability: Tom McGrath, Eric Ho, Daniel Balsam,
Nick Wang, Liv Gorton, Myra Deng

* NVIDIA: Alissa Gordon, Dani Traphagen, Dawn Voss, Ming-Yu Liu,
Anthony Costa, Kimberly Powell, Jensen Huang

* Arc: Chiara Ricci-Tam, Rajesh llango, Jeremy Sullivan, Reshma Mehta,
Etowah Adams, Patrick Collison, Dave Burke, Hani Goodarzi, Brian Hie
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