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Designing proteins to recognize user-specified genomic sequences requires
learning the complex relationship between protein sequence, DNA recognition,
and catalytic function. Here, we formulate genome-targeted integrase design as a
conditional sequence-generation problem and use EDEN, a 28-billion-parameter
genomic foundation model trained on 9.7 trillion nucleotide tokens from diverse
metagenomes (BaseData), to generate de novo large serine recombinases (LSRs).
LSRs and their cognate attachment sites mined from BaseData provide naturally
occurring paired protein-DNA sequences from which to learn the evolutionary
constraints linking recombinase sequence to target specificity. We condition
EDEN on only 30 nucleotides representing a desired attB target site and generate
corresponding LSR protein sequences. To test generalization to unseen sequence
specifications, we prompted EDEN with human genomic sequences absent from
the training data, spanning ten disease-associated loci and four potential safe-
harbor sites. EDEN generated multiple experimentally active recombinases for
every tested genomic locus, achieving a 63.2% functional hit rate across diverse
DNA prompts. High-performing generated proteins diverged substantially from
their parental sequences, reaching as low as 52% sequence identity while retain-
ing biochemical activity. Generated LSRs also translated to cellular function:
50% of tested designs were active in human cells, including targeted integration
of CAR constructs in primary human T cells. These results demonstrate that
genomic foundation models can learn conditional relationships between short
DNA sequences and the proteins that recognize them, enabling functional
protein generation directly from user-specified genomic targets.
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