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Development and application of new technologies for enzyme

research and protein engineering aiming at sustainable bioindustry

Jasmina Damnjanovic, Graduate School of Bioagricultural Sciences, Nagoya University

Introduction

Studying enzymes is becoming increasingly important for human health and bioindustry. Understanding the structure-
function relationship of enzymes is essential for developing pharmaceuticals such as enzyme inhibitors, while many
industrial processes require tailor-made enzymes to increase their sustainability. In enzyme research and development, we
frequently rely on repeated cycles of mutagenesis and screening (e.g. in directed evolution), which can be time-consuming,
costly, and labor-intensive, thus significantly hindering the progress of industrial transformation. Throughout her doctoral
thesis research, the author explored enzyme engineering relying on conventional screening methods, and realizing their
drawbacks, she has been focusing on the development of an in vitro platform for rapid, affordable, simple, and labor-
efficient enzyme evolution with the ultimate goal of accelerating the integration of enzymatic processes in industry.

Protein engineering of phospholipase D and its application to the synthesis of
bioactive phospholipids

Phospholipids (PLs) are the key components of biological membranes and play critical roles in cell signaling,
differentiation, apoptosis., and pathogenesis. While many bioactive PLs hold significant potential for use as dietary
supplements or components of drug delivery systems, their low natural abundance hinders extraction from natural
sources, except for phosphatidylcholine (PC), abundant in soybeans. On the other hand, chemical synthesis of PLs often
involves complex multi-step reactions having low yields and raising health concerns. In response to these challenges,
our research group has successfully developed a series of mutant phospholipase D (PLD) enzymes with unique
substrate specificities using rational and semi-rational design coupled with conventional colony screening. These
engineered enzymes enable the efficient one-step synthesis of rare bioactive PLs, namely 1-phosphatidylinositol’, 1-8
-phosphatidylglucose, phosphatidylthreonine?, and cyclic phosphatidic acid®.

Comprehensive substrate profiling of transglutaminases using cDNA display platform

Throughout the PLD research, the author experienced difficulties related to low-throughput screening assays (e.g., HPLC
and LC-MS used to screen mutants with desired substrate specificity) and low protein expression (highly active PLDs are
poorly expressed in living bacterial cells due to cytotoxicity), which motivated her to investigate in vitro technologies
that could be applied to enzyme research.

Transglutaminases (TGs) are protein cross-linking enzymes receiving considerable attention due to their roles in many
physiological processes and diseases. To study TGs
in disease processes, isozyme-specific substrate @TG substrate profile

@ Peptide library screening

probes, and peptidomimetic inhibitors have been <j Ir;;;;‘ﬂ:“““; """""" v
actively pursued, but the lack of comprehensive ! m i
knowledge of TG substrate specificity profile posed . —
a challenge in these efforts. To address this problem, i Streptavidin == |
the author established an in vitro platform combining ] ’M“E,,ﬂmd B i
cDNA display with next-generation sequencing (NGS) i Py ooy — !
and bioinformatics (Fig. 1) and applied it to obtain ! ' w}‘i Qﬂ E
comprehensive substrate profiles for TG2* and TG1°. o !
Using this information, substrate probes with high I{_TG reaction p:m:r,m:m}
reactivity and specificity for each TG isozyme have 1 TG activity-based selection

been developed with the potential of being re- @ Peptide probes with high @ NEW_rlcz_ly_E_T_('iiu_b_slrgEs
designed into effective TG inhibitors in the future. ” reactivity and isozyme specificity

Furthermore, by applying the substrate profiles
obtained from the bioinformatic analysis to the
human database search, the author identified novel,
previously unknown native substrate candidates of
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TG2 and TG1. The author’s group is currently n Rovconlcoerio) K17
working on substrate profiling of TG3 and plans to e L L
expand the use of the existing platform to kinases . __'_-w-m»:-fn_s-_m ________ u_p;“:“j_‘_____i”i _____
and proteases (such as tissue plasminogen activator)

as well as other protein-modifying enzymes of Figure 1. Workflow and results of TG2 substrate profiling
interest for human health. using the cDNA display platform developed by the author.
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of cells, such as library size (up to 10°  [_f] -hairein DNA helper enzyme

variants/mL) limited by cell transformation
efficiency and a bias toward well-expressed,
non-toxic proteins, the author developed a
rapid, simple, affordable, and robust platform for evolution of enzymes, SMART (Single Molecule Assay on Ribonucleic
acid by Translated product).

Figure 2 shows an overview of the SMART platform for the evolution of D-amino acid oxidase (DAAO), an enzyme
important for the enzymatic measurement of D-amino acids. Here, DAAO from yeast was used as the displayed enzyme,
and ascorbate peroxidase 2 (APEX2)-scCro fusion protein was used as the auxiliary unit. During the selection, DAAO
variants react with D-amino acids added to the system to generate hydrogen peroxide, which is used by the nearby
APEX2 to activate a biotinylated tyramide and chemically label the neighboring proteins. Therefore, we can use the
streptavidin beads pulldown to enrich the active DAAO variants together with their mRNA®. A library containing random
mutations in the catalytic residue Y232 of DAAO was prepared, and one round of SMART was performed with
D-alanine as a substrate, allowing us to identify variants with distinct activity and substrate specificity’.

Figure 2. Outline of SMART platform for DAAO evolution.
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