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The successful discovery of novel biological therapeutics by selection requires
highly diverse libraries of candidate sequences that contain a high proportion
of desirable candidates. Here we propose the use of computationally designed
factorizable libraries, whose sequences are made of concatenated segments from
smaller segment libraries, as a method of creating large libraries that meet an
objective function at low cost.

Designing segment libraries that result in a factorizable library that meets
an objective function is a computationally difficult task. We present a compu-
tational method we call Stochastically Annealed Product Spaces (SAPS), which
optimizes segment libraries though iterative improvements with respect to an
objective function to design a full length factorizable library. Key to our method
is the reverse kernel trick, which allows us to efficiently evaluate an objective
over the full factorizable library by casting the objective function as an inner
product of feature vectors (see Fig. 1).

We show that SAPS outperforms five different benchmark sampling
approaches on simulated datasets. We next apply SAPS to design factorizable
libraries of the third complementarity determining region of antibody heavy
chains (CDR-H3s). We show that this framework can generate factorized CDR-
H3 segment libraries that, when joined combinatorially, contain ∼ 109 unique
sequences with highly specific and flexible design parameters. We compare these
libraries to a randomized library and show that SAPS designed libraries are more
diverse and more enriched in desirable sequences.

Applications of factorizable libraries include the discovery of biologics such
as monoclonal antibody therapeutics [5], discovery of adeno-associated vectors
(AAV) for gene therapy [1,8], T-cell receptor (TCR) discovery [2,4,7], and
aptamer libraries [3,6].
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Fig. 1. Factorizable library evaluation and optimization. A) Optimization is achieved
through iterative stochastic updates. An update step is performed by selecting a posi-
tion in a sequence in one of the libraries and generating all possible mutations for that
position. The mutated libraries are then scored, and then a Boltzmann distribution
over the libraries is generated using the negated scores as energy values. The update is
then sampled from the distribution. A full update sweep performs this for all positions
in all sequences in both libraries. Multiple sweeps are done and the temperature of the
Boltzmann distribution is lowered over time. For simplicity, the figure depicts this opti-
mization on small DNA libraries. B) The score of the factorizable library is evaluated
by mapping all the sequences in its prefix and suffix libraries to feature spaces. The
feature vectors are then aggregated, and an inner product is taken between them, which
by the distributive property produces the total score for the whole factorizable library.
We refer to this as the reverse kernel trick, since this optimization requires expressing
a “kernel function” that maps prefix suffix pairs to real values as an inner product. A
position based entropy term is evaluated to quantify the diversity of sequences in the
library, and a weighted sum of the two is then used to guide optimization.
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