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Non-canonical amino acids (ncAAs) are valuable building blocks that expand the chemical 

functionality of peptides, proteins and small molecules beyond that provided by canonical amino 

acids. They are used broadly in biotechnology and medicine, including protein engineering, 

genetic code expansion, therapeutic development and the synthesis of bioactive molecules. The 

sustainable production of chiral ncAAs is often hindered by conventional chemical synthesis 

strategies involving harsh chemicals, multi-step processes and poor stereoselectivity. Biosynthetic 

approaches offer a more efficient alternative for the synthesis of these compounds from accessible 

starting materials under mild reaction conditions with reduced environmental impact. However, 

this strategy can only be truly efficient if the enzymes exhibit high activity under practical 

conditions. 

Among the enzymes used for ncAA synthesis, L-threonine transaldolases (L-TTAs) are 

promising biocatalysts for the stereoselective synthesis of β-hydroxylated non-canonical amino 

acids (β-OH ncAAs) . This class of enzymes has demonstrated the thermodynamically favorable 

conversion of aldehydes and L-threonine to produce ꞵ-OH ncAAs and acetaldehyde. A key 

hindrance to their application in live cells is their low L-threonine affinity, requiring the 

supplementation of excess L-threonine. Therefore, the theoretical advantage of the thermodynamic 

favorability of the L-TTA-catalyzed reaction relative to other reactions cannot be realized until 

there is no longer a need to supply large excesses of L-threonine. Given the sub-millimolar steady-

state L-threonine concentration in live Escherichia coli or the low millimolar concentration of L-

threonine in common bacterial culture media, this requires identification or engineering of an L-

TTA with sub-millimolar affinity for L-threonine. 

To address this, we conducted bioprospecting to develop a library of diverse putative L-

TTA homologs. We then developed a growing cell screening platform to evaluate the 

phylogenetically diverse panel under limiting and saturating L-threonine conditions to identify 

enzymes that perform effectively with minimal L-threonine. We identified an enzyme, referred to 

as TTA P, which exhibited high productivity under both conditions. We further characterized the 

Michaelis Menten kinetic parameters of this enzyme and revealed an apparent L-threonine Km of 

0.43 mM, representing a 23-fold improvement over the highest affinity previously reported for a 

wildtype L-TTA, and 12-fold improvement over the best engineered variant.  

Next, we investigated the sequence and structural features that influence the high substrate 

affinity of TTA P through rational engineering and molecular dynamics. We evaluated the flexible 

substrate channeling loop and active site regions of the enzyme. Through targeted mutagenesis, 
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we engineered a variant with apparent L-threonine Km of 0.27 mM, further improving this 

property of the already high affinity TTA P. Molecular dynamics simulations reveal the differences 

in the simulated positioning of the internal active site relative to surrounding conserved residues 

may correlate with enzyme catalytic activity. 

We also explored machine learning-guided engineering to expand our efforts beyond these 

regions and investigate the broader sequence landscape of TTA P. Using experimental sequence-

function data, we developed a few shot active learning workflow to generate a comprehensive 

single mutant library in silico and rank variants across the full enzyme sequence. This allows us to 

prioritize a subset of mutants with high predicted activity for experimental testing, exploring 

regions of the enzyme in an informed manner that would not have been feasible through rational 

design alone. We explored two strategies for protein sequence representation, and ultimately 

developed a workflow that revealed enzymes with higher turnover rate. 

We then applied the high affinity TTA P in broader pathways for the synthesis of 

phenylalanine derivatives. Here, we showed the utility of TTA P in a two-step semi-synthetic 

pathway, where its high catalytic activity resulted in two-fold improvement in final product titers. 

Using this platform, we were able to synthesize a variety of ncAAs from diverse carbon sources, 

and demonstrate this by supporting the growth of a synthetic auxotroph that uses the 

biosynthesized ncAA. We also expanded access to reactive aldehyde substrates for downstream 

processing by using new carboxylic acid reductases with expanded substrate scope to generate 

amino-substituted benzaldehydes in situ from the more stable carboxylic acids. We then couple 

this synthesis with a Friedlander annulative condensation to synthesize quinoline scaffolds, 

expanding access to high value scaffolds. 


