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Abstract

Multimeric enzymes often place catalytic residues at subunit interfaces, coupling
activity to correct assembly and concentration. The need for correct assembly from
multiple units complicates bacterial expression, scale-up, and implementation into
industrial bioprocesses. By construction, a single-chain monomer folding into
the exact same active-site geometry could, in principle, alleviate these challenges,
while still retaining its catalytic activity. Following this reasoning, we present a
general computational design protocol to monomerize multimeric enzymes while
preserving their active-site geometry. Our method combines Monte Carlo opti-
mization with an energy-based formalism, specifying design constraints as energy
terms defined through the outputs of a protein-folding algorithm. Specifically, by
driving the sequence search to active-site geometries close to that of the multimeric
enzyme, we generate monomeric variants with low RMSD to the multimeric active
site, in line with commonly used thresholds to filter potential candidates for lab
testing. As a case study, we redesign the homotetrameric formolase enzyme, a crit-
ical synthetic enzyme for conversion of carbon dioxide into valuable Cs chemicals.
Given the protocol’s generality, we believe these results represent an important
foundational step toward speeding up the search for industrially practical synthetic
enzyme mimics.

1 Introduction

Enzymes are ubiquitous in nature, and much of biotechnology aims to replicate their defining property:
high selectivity and high-turnover catalysis under process conditions. Nature, guided by hundreds of
millions of years of evolution, provides an enormous repertoire. Many enzymes are used directly,
while others serve as starting points for optimization. The latter is often needed because natural
enzymes evolve under constraints unlike those of industrial use. For example, natural enzymes evolve
to work at moderate temperature, near-neutral pH, and in dilute conditions while catalyzing multiple
reactions, whereas industrial processes often require stability in harsher environments and strict
selectivity for a single transformation.

For multimeric enzymes — whose catalytic sites often form at subunit interfaces — the mismatch
between natural selection and process needs is especially pronounced. First, subunit dissociation —
driven by dilution, shear, pH shifts, or surface attachment — distorts interfacial geometry, reducing
activity [Fernandez-Lafuentel 2009, [Mateo et al.,[2020]]. Second, yields and lot-to-lot consistency
suffer because multiple polypeptides must be co-expressed at defined stoichiometries. Imbalances
create orphan subunits that degrade or aggregate, making expression tuning another process variable.
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https://www.rcsb.org/structure/4QQ8
https://www.uniprot.org/uniprot/Q9F4L3
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