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Abstract

Protein conformational dynamics play a pivotal role in enzyme catalysis and hold
significant implications in bioengineering. Notably, scopoletin exerts a substantial
inhibitory effect on a UDP-sugar dependent glucosyltransferase from Nicotiana
benthamiana (NbUGT72AY 1), prompting the exploration of two intriguing hypotheses:

allosteric conformational shift of the protein and substrate-induced conformational shift.

In the initial phase of this study, a homolog from Solanum tuberosum (StUGT72AY2),
which shares an impressive 80% amino acid sequence similarity with NbUGT72AY 1, was
found to exhibit limited substrate inhibition when exposed to scopoletin. Through the
utilization of advanced techniques such as HDX-MS (Hydrogen-Deuterium Exchange
Mass Spectrometry), mutant enzyme generation, and docking, pivotal amino acids critical
for enzymatic activity and scopoletin binding were identified. Mutation analysis identified
key amino acids influencing the enzyme's activity. Remarkably, the amino acid exchange
of the F87I led to an increase in glucosyltransferase activity while reducing substrate
inhibition of NbUGT72AY . Furthermore, the creation of chimera I155F-C207D virtually
eradicated substrate inhibition. The data obtained by the UDP-Glo™ glycosyltransferase
assay and iquid chromatography-mass spectrometry (LC-MS) analysis were fitted using a

two-binding site equation, providing a better understanding of the enzymatic behavior.

In the second part of this thesis, a series of substrates characterized by different chemical
structures were employed to investigate the kinetics. This resulted in a wide spectrum of
profiles, ranging from classical Michaelis-Menten behavior (MM) with hydroquinones to
substrates exhibiting weak inhibition (sinapaldehyde, guaiacol, o-cresol) and those
displaying strong substrate inhibition (scopoletin, eugenol, and vanillin). Notably, vanillin,
which shares a common phenol 2-methoxy structure with scopoletin and exhibits a similar
substrate inhibition pattern to the hydroxycoumarins, was studied as a substrate in detail.
Coumarins and fatty acids were investigated as effectors of NbUGT72AY!1 and its
mutations. While coumarins had no discernible impact on vanillin enzymatic activity of

NbUGT72AY1, fatty acids led to an increase in glucosyltransferase activity but did not



affect substrate inhibition. Remarkably, alpha- and beta-ionol not only enhanced scopoletin
glucosyltransferase activity but also reduced substrate inhibition. Furthermore, the
introduction of the F87I mutation and the chimeric I155F-N191S mutation demonstrated
reduced substrate inhibition and glucosyltransferase activity in the presence of stearic acid.
Overall, these findings suggest that the allosteric binding hypothesis may not be applicable
to NbUGT72AY1. Furthermore, they confirm the multi-substrate functionality of
NbUGT72AY1, shedding light on the enzyme's capacity to be finely tuned by external
metabolites. This research offers valuable insights into the complex interplay between
enzyme kinetics, substrate recognition, and the regulatory influence of various metabolites

on NbUGT72AY1.
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Zusammenfassung

Die konformationelle Dynamik von Proteinen spielt eine entscheidende Rolle bei der
Enzymkatalyse und hat bedeutende Auswirkungen auf die Bioverfahrenstechnik. So weist
Scopoletin eine starke Substratinhibierung bei der Umsetzung mit der UDP-Zucker
abhéngigen Glukosyltransferase NbUGT72AY1 aus Nicotiana benthamiana auf, was zur
Untersuchung von zwei faszinierenden Hypothesen fiihrte: der allosterischen
Konformationsdnderung Verdnderung von Proteinen und der durch Substrate
hervorgerufenen Strukturdnderung.

In der ersten Phase dieser Studie wurde festgestellt, dass eine homologe
Glukosyltransferase aus Solanum tuberosum StUGT72AY?2, welche eine beeindruckende
Aminosdure-Sequenzdhnlichkeit von 80% mit NbUGT72AY1 aufweist, eine weitaus
geringere Substrathemmung zeigt, wenn sie mit Scopoletin umgesetzt wird.
Fortschrittliche  Techniken wie HDX-MS  (Wasserstoff-Deuterium-Austausch-
Massenspektrometrie), Herstellung von Mutanten und /In-silico-Docking wurden
verwendet, um entscheidende Aminosduren zu identifizieren, die fiir die Bindung von
Scopoletin durch NbUGT72AY 1 entscheidend sind. Die Analyse von Mutanten fiihrte zur
Identifizierung von Schliisselaminosduren, die die Aktivitdt des Enzyms beeinflussen.
Bemerkenswerterweise fiihrte die Einfithrung der Aminosdurenaustausch F871 zu einer
Zunahme der Glucosyltransferase-Aktivitit und einer Reduzierung der Substrathemmung.
Dariiber hinaus eliminierte die Schaffung der Chimédre 1155F-C207D praktisch die
Substrathemmung. Die  durch  UDP-Glo™  Glykosyltransferase-Assay  und
Fliissigchromatographie-Massenspektrometrie (LC-MS) Analyse erhaltenen Daten
konnten mithilfe einer Zwei-Bindungsstellen-Gleichung angenéhert werden, was zu einem
besseren Verstindnis des Verhaltens des Enzyms fiihrte.

Im zweiten Teil dieser Arbeit wurde eine Vielzahl von Substraten mit unterschiedlichen
chemischen Strukturen verwendet, um deren Kinetiken zu untersuchen. Dies fiihrte zu
einer breiten Palette von Profilen, die von klassischem Michaelis-Menten-Verhalten (MM)

bei Hydrochinonen bis hin zu Substraten reichten, die eine schwache Hemmung zeigten,

I



(Sinapaldehyd, Guajakol, o-Cresol) und solchen, die eine starke Substrathemmung
aufwiesen (Scopoletin, Eugenol und Vanillin). Bemerkenswerterweise zeigte auch
Vanillin, das wie Scopoletin eine Phenol-2-Methoxygruppe aufweist eine &hnliche
Substrathemmungskinetik wie Hydroxycumarine und wurde eingehender als Substrat
untersucht. Neben Cumarinen wurden auch Fettsduren als Effektoren der NbUGT72AY 1
und ihren Mutanten analysiert. Wahrend Cumarine keine erkennbare Auswirkung auf die
enzymatische Umsetzung von Vanillin durch NbUGT72AY 1 hatten, fiihrten Fettsduren zu
einer Zunahme der Glucosyltransferase-Aktivitit, ohne die Substrathemmung zu
beeinflussen. Bemerkenswerterweise steigerten Alpha- und Beta-Ionol nicht nur die
Glucosyltransferase-Aktivitdit von Scopoletin, sondern reduzierten auch die
Substrathemmung. Dariiber hinaus fiihrte die Einfiihrung der Mutation F87I und der
chimédren Mutation [155F-N191S in Anwesenheit von Stearinsdure zu einer reduzierten
Substrathemmung und Glucosyltransferase-Aktivitat.

Diese Ergebnisse deuten insgesamt darauf hin, dass die Hypothese der allosterischen
Bindung moéglicherweise nicht auf NbUGT72AY 1 zutrifft. Sie bestdtigen auBerdem die
multifunktionale Eigenschaft von NbUGT72AY1 und zeigen seine Fihigkeit zur
Feinabstimmung durch externe Metaboliten. Diese Ergebnisse liefern wertvolle Einblicke
in das komplexe Zusammenspiel zwischen Enzymkinetik, Substraterkennung und dem

regulierenden Einfluss verschiedener Metaboliten auf NbUGT72AY 1.
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Abbreviations

ABA Abscisic acid

CAST/ISM  Combinatorial active site saturation test/iterative saturation mutagenesis
CAZy Carbohydrate-Active Enzyme database

CD Circular Dichroism

CDART Conserved Domain Architecture Retrieval Tool
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DEDAL Deep embedding and differentiable alignment

E Enzyme
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ECatDB Enzyme Catalytic-mechanism Database
EI Enzyme-intermediate complex

EP Enzyme—product complex

ES Enzyme—substrate complex

FRET Fluorescence resonance energy transfer
GT Glycosyltransferase

HAMAP High-quality Automated and Manual Annotation of Proteins
HDX-MS Hydrogen-Deuterium Exchange Mass Spectrometry

http HyperText Transfer Protocol

IAA Indole-3-acetic acid

KEGG Kyoto Encyclopedia of Genes and Genomes
LC-MS Liquid Chromatography Mass Spectrometry
M-CSA Mechanism and Catalytic Site Atlas

MACIE Mechanism, Annotation and Classification in Enzymes
MM Michaelis—Menten

NCBI National Center for Biotechnology Information
NMR Nuclear Magnetic Resonance

PDB Protein Data Bank

PSPG Plant secondary product GT motif

SAG Salicylic acid glucoside

SAR Systemic acquired resistance

SCOP Structure Classification of Proteins

SFLD Structure Function Linkage Database

TS Transition State



1. Introduction

1.1. Enzyme classification and functional annotation

1.1.1. Enzyme definition and classification

Enzymes are proteins that catalyze various biochemical reactions in all living organisms !.
These macromolecular biological catalysts are selective, and each catalyzes the conversion
of only a limited number of substrates. In addition to substrate specificity, enzymes also
exhibit product selectivity as well as regio- and enantioselectivity 2. While product specificity
results from the fact that an enzyme catalyzes only one particular reaction, regioselectivity
refers to the preferential conversion of one functional group in the reactant by the catalyst

over a second identical group.

The use of enzymes, i.e. biocatalysis is critical to a green, sustainable, biobased economy,
and this has led to major advances in biotechnology and biocatalysis over the past decades °.
Biocatalysis offers numerous advantages, including higher selectivity and specificity, lower
operating costs, and reduced toxicity, all of which lead to a lower environmental impact from
industrial processes. In order to use enzymes efficiently in biotechnology, a comprehensive

knowledge of their biochemical properties is essential.

Enzymes are assigned to groups according to their different properties 3. The most prevalent
method is a hierarchical categorization, which classifies proteins based on evolutionary links
and clusters them based on class, architecture, and fold type. The phylogenetic technique
generates an evolutionary tree representing different protein families based on their
evolutionary history *. It can be used to define protein structure, as well as to group proteins
based on their structural properties. Here, homologous protein families with the same 3D fold
are classified together °. Domains can also be seen by sequence analysis. These domains are

referred to as "units of evolution" °. A protein typically has one or more domains.

As genome projects progress, the number of protein sequences is rapidly increasing, and the

majority of them are awaiting experimental characterization. Protein function, protein



structure, and sequence similarity are all described using the Enzyme Commission (EC)

classification !

. Proteins are classified in the EC system according to the reaction they
catalyze. The EC system is a four-digit numerical code that represents different levels of
chemical functional description. The first digit represents the overarching type of enzyme
reaction, such as transferase or hydrolase reaction, whereas the second and succeeding digits
represent the specific subclass and serial number allocated to each individual enzyme. The

EC system is widely recognized as the gold standard for explaining enzyme function, which

includes sequencing, structural, and metabolic pathways 7.

Several protein databases are now publicly available. Based on the type of information stored,
protein databases can be classified into different categories. Some of the most common
protein databases are as follows. M-CSA (Mechanism and Catalytic Site Atlas) is an enzyme
reaction mechanism database that provides annotation to proteins, catalytic residues,
cofactors, and the reaction mechanism of hundreds of enzymes ®. Metal-MACIE (Mechanism,
Annotation and Classification in Enzymes) is a new publicly available web-database that
aims to consolidate available knowledge on metal characteristics and roles in the context of
metalloenzyme catalytic processes °. The Structure Function Linkage Database (SFLD)
organizes enzymes based on their shared chemical activities '°. The EzCatDB (Enzyme
Catalytic-mechanism Database) database comprises enzyme catalytic processes, and proteins
are structured by evaluating and categorizing data from the Protein Data Bank (PDB) !!. The
database Structural Classification of Proteins (SCOP) gives a precise and complete
description of structural and evolutionary links for proteins with known structure '2. Query3D
was created to analyze functional residues in protein structures '* and the Carbohydrate-
Active Enzyme database (CAZy) CAZy describes the families of structurally-related
catalytic and carbohydrate-binding modules of enzymes that degrade, modify, or create

glycosidic bonds !4,

1.1.2. Enzyme functional annotation

Enzymes are categorized into seven groups depending on the chemical reaction they catalyze:



Oxidoreductases, Transferases, Hydrolases, Lyases, Isomerases, Ligases, and Translocases '°.
Much work remains to be done to create credible functional annotations for new protein
sequences, particularly on algorithm and machine learning methods. Annotation packages
such as GeneQuiz, Rulebase, and HAMAP (High-quality Automated and Manual Annotation
of Proteins) are used to correct sequence composition bias and update databases '¢. Functional
annotations of proteins, among others, are essential for understanding actual cellular
activities 7. Metabolic pathways are predicted using databases such as Ecocyc '® and KEGG
(Kyoto Encyclopedia of Genes and Genomes) °. Furthermore, CDART (Conserved Domain
Architecture Retrieval Tool), NCBI (National Center for Biotechnology Information) and
InterPro-Scan are well-known databases that provide information about protein families,

domains, and functional locations that can be used to annotate unknown protein sequences
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1.2. Enzyme analysis

1.2.1. Enzyme kinetics

The best known equation (Eq.1) for characterizing enzymology under the premise of rapid
equilibrium or steady state conditions is the Michaelis-Menten equation, proposed by Leonor
Michaelis and Maud Menten 2!. The equation describes substrate binding and subsequent
catalysis at the active site. However, the equation has its limitations. For example, the time
scale of chemical reactions ranges from microseconds to hundreds of milliseconds. However,
in the Michaelis-Menten equation, the enzyme-substrate complex is assumed to form rapidly
under conditions where a significant excess of substrate is present, and to reach a quasi-steady
state in which d[ES]/dt = 0 22,

[S]

Umax * m
[S]

1+m

v =
(Eq. 1)

In this equation, [S] represents the variable substrate concentration, Vmax 1S the maximum



reaction rate, and K, the substrate concentration at which the reaction rate v is half of vimax.

Allosteric control is applied to an enzyme when the binding of a molecule at one binding site
changes the enzyme's affinity for its substrate and so affects enzyme activity. In this scenario,
the Hill equation (Eq. 2) is applicable 3.

[S]™

Vmax * o
max n
Km

[S]™

Km

v =

1+
(Eq. 2)
In this case, n is the Hill coefficient, which indicates the degree of cooperation. When an
enzyme has more than one site to which a substrate can bind, positive cooperativity (n> 1)
occurs, and the binding of one molecule boosts the rate of binding of other substrates. If n=1
or n< 1, there is no or negative cooperativity, respectively. A partial uncompetitive inhibition
model (Eq. 3) is employed to analyze atypical Michaelis-Menten substrate inhibition data 3.

[S] [5] * [S]

Umax*Km'l'vi*Km*Ki

[S] . [S]=[S]
R -y e

v =
(Eq. 3)

To describe the substrate inhibition phenomena, a two-site model is assumed (Scheme 1;
n=x=1). The metric v; represents the reaction velocity in the presence of inhibition, while K;
is the inhibitor concentration required to reduce the maximal rate of the reaction to half of its
uninhibited value. The equation assumes sequential substrate molecule binding, which means
that the inhibitory site cannot be occupied until the reaction site is filled. When the
cooperativity-describing Hill equation and the partial uncompetitive inhibition model are

combined, Eq. 4 is obtained 2+ 2.

N S * [S]*
”max*%*”i*%
m i
S, [SI*+[ST*
KX " KR+ KF

v =

1+ +

(Eq. 4)

The superscript n is a Hill coefficient, and x is another Hill coefficient that allows for the



possibility of cooperative substrate binding in the inhibitory mode ?°. To achieve convergence
for Eq. 4, the value of x is set to an integral number that is empirically established to have the

best fit (lowest variance).

K k.
E + xS m ES” cat E+P
+ xS
K Vinax = kcat * [E]
i

k.-
ES,y, —“U>g ip

(Scheme 1)
The catalytic constants k,; and kcat(l) correspond to the maximal reaction rates vyqr and v;,

respectively.
1.2.2. Protein conformational change

In 1894, the lock and key model was the first model to describe the interaction between
enzyme and substrate 2° (Figure 1A). However, when the substrate binds, a conformational
shift occurs. An induced fit is required to establish a new conformation before the substrate
transition state is altered 27 (Figure 1B). Furthermore, the active site in the enzyme's tertiary
structure is designed like a "cleft" for substrate and product diffusion. Active site amino acids
interact with substrates depending on a variety of variables such as pH, temperature, and

ionic strength. The adjustment of these parameters is critical to the function of the enzyme 2.

In reality, the importance of protein conformational change for catalysis is difficult to
demonstrate, and several theories have been proposed, such as the preexisting equilibrium
hypothesis and the dynamic population shift model % (Figure 1C). The reversible formation
of an enzyme-substrate complex marks the start of a catalytic cycle. When products are
formed, the enzyme quickly returns to its original state for another catalytic cycle or is
transformed to a second conformational state. Analysis of the diversity of protein
conformations and studies of the relationships between different structural conformers and
protein function, as well as technologies for homology modeling, are a current area of
research. 3932, In addition, protein apo and holo structure identification and modeling studies

are essential for virtual screening and detection of novel protein functions 3334,



Binding interactions between proteins and ligands, such as other proteins, carbohydrates,
lipids, and tiny molecules normally cause protein conformational changes °. Proteins with
allosteric properties, first described in 1963, have a more sophisticated regulatory mechanism.
The first and most frequently described protein with allosteric interaction is hemoglobin 3.
The Monod-Wyman-Changeux (MWC) model, the Koshland-Nemethy-Filmer (KNF) model,
and the dynamic shift model were among the first theories that attempted to explain protein-

ligand binding with protein conformational changes 37> 38

. Mutations, machine learning, and
energy landscape theory are used to study the physical effects of ligand binding on
conformational dynamics and ligand-induced alterations in conformational ensembles 343,
In addition, the adaptability and specificity of protein functions and the trade-off between
activity and stability in enzymes have been investigated for future applications such as drug
discovery * % Protein flexibility is currently being used to better understand protein
interactions through studies on side chains, protein loops and helices, and dynamic

networking 4649,

(A) ligandv 8
—
p“

v
o O
© v

0¥ ° @

Figure 1. Models of protein binding mechanisms. (A) Lock and key model. (B) Induced-fit model. (C) Pre-

(B)

existing equilibrium model. Adapted from



1.2.3. Protein analysis by hydrogen/deuterium exchange-mass spectrometry

Hydrogen deuterium exchange mass spectrometry (HDX-MS) is widely used for
investigating protein structure and dynamics. HDX-MS can be used to investigate protein
dynamics by monitoring solvent exchange over time. HDX-MS is always combined with
orthogonal structural, biophysical, and biochemical techniques, as well as molecular dynamic
simulations >!.

HDX relies on the inherent ability of hydrogen atoms within protein amides and the backbone
to readily exchange with deuterium when introduced into an aqueous deuterated solution.
Labile protons, such as those found on primary amines, typically undergo exchange at a
considerably faster rate compared to the backbone. In the case of backbone amides, regions
of the protein that are exposed and characterized as "dynamic" will experience rapid
exchange, while regions that are shielded and considered "rigid" will exhibit a slower
exchange rate. In the MS-based HDX approach (Figure 2), the protein solutions are initially
equilibrated under room temperature and physiological pH conditions in an H>O buffer. The
exchange process is then initiated by diluting the solution into a D>O buffer, thereby
promoting the kinetics of hydrogen-to-deuterium exchange. This exchange is allowed to
progress for various durations before it is halted by acidifying the solution to pH 2.5 and
lowering the temperature to 0°C. These quenching conditions ensure the preservation of the
deuterium labeling pattern imprinted on the protein backbone for subsequent MS analysis.
The quenched protein sample can be directly introduced into a mass spectrometer (utilizing
liquid chromatography as the interface) to determine the mass of the intact protein.
Alternatively, it can undergo proteolysis with trypsin to generate short peptide segments,

which are then subjected to HPLC-MS analysis 2.
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Figure 2. Workflow of a typical HDX-MS experiment. Adapted from™>

Machine learning ensemble technology has been used to model protein conformation based
on HDX-MS data 3. HDX-MS was utilized to investigate the in solution-dynamics of the
GT MshA which catalyzes the first step in the biosynthesis of mycothiol, a low-molecular-
weight compound in Actinomycetales, including Mycobacterium tuberculosis. The results
provide a better mechanistic understanding of CgMshA, highlighting a conformational
change of the flexible f4/a5-loop in the C-terminal domain that interacts with the donor sugar.

HDX-MS is useful for the analysis of allosteric enzymes % 3.

1.2.4. Homology modelling

Homology modeling is based on the fundamental principle that protein sequences that share
close evolutionary relationships tend to adopt analogous three-dimensional structures.
Consequently, it becomes feasible to generate a homology model for a protein by employing

related protein structure(s) as templates for the modeling process. Sequence alignment and



loop building are the main difficulties in homology modelling since there is no human input

to correct errors.

There are many sequence-structure alignment and homology modelling programs, like
3D-Coffee *%, SAlign 37, Nest 38, Modeller *°, and Swiss-Model *°. Evaluating the different
homology modelling programs, on average Modeller performs marginally better in overall
modelling than the others tested. However, on average Nest produces the best loops with an
8% improvement of the root-mean-square deviation (RMSD) compared to the loops
generated by Builder. The well-known machine learning approach-AlphaFold incorporates
physical and biological knowledge about protein structure ®'. DEDAL (deep embedding and
differentiable alignment) exhibits a notable enhancement, improving the accuracy of the
alignment by a factor of two to three compared to existing methods, particularly on remote
homologs ®2. Furthermore, it excels in distinguishing remote homologs from sequences that
are evolutionarily unrelated. These advancements open the door to potential improvements
in various downstream tasks that heavily depend on sequence alignment, particularly in the

realms of structural and functional genomics 2.

1.2.5. Allostery

Allosteric regulation typically involves changes in binding affinity resulting from the binding
of an effector molecule at a distinct site. Allosteric control allows specific regulation without
directly targeting the active site. Allosteric sites are distal to the active site but coupled via a
dynamic network of inter-atomic interactions between residues in the protein %. Through
site-directed mutagenesis of crucial residues, it becomes possible to selectively influence the
equilibrium between different states, as exemplified by the mutation of a critical
thrombomodulin-binding residue in thrombin from Glul92 to GIn. This mutation
demonstrates how targeted alterations can favour one state over another in an allosteric

system 64,



X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are used to
observe protein structures, but they are time-consuming, expensive and not sufficient to
determine the structural and dynamic changes occurring in complex allosteric system 937,
Computational methods are explored to predict allostery, allosteric communication pathways
and quantitative assessment of protein-energy dynamics %73, G-coupled receptors and

thrombin are typical allosteric proteins ®* 74, Thrombin was observed to be an allosteric

protein in 1980, followed by discovering of a cofactor called thrombomodulin.

1.2.6. Protein engineering

Chemistry is essential for understanding the structures and properties of substances at the
atomic and molecular levels. Merging with biology improves scientific innovation by
exploring its endless possibilities. Biocatalysts are being used in an increasing number of
fields, such as the health, energy and environmental sectors for the production of valuable
substances due to advances in protein technology and environmental and economic
requirements ’°. Nowadays, protein engineering focuses on the selection of new functional

enzymes and the modification of enzyme thermostability, stability towards proteases, and

enzyme activity °. The value k.,; represents the rate of reaction at saturating substrate

concentration and k../Kn is the second-order rate constant describing the reaction rate at
negligible substrate concentration. The kcu/Kn values determine the specificity of the enzyme
for each substrate. The higher this value the more specific the enzyme is for that substrate.
This is because a high value of k..; and a low value of K,, are expected for the best substrates.
If kea/Km approaches the diffusion limit (~ 108-10° M~ ! s7 1), the enzyme cannot catalyze the
reaction any better and is said to have reached ‘catalytic perfection’”’. Proteins are modified
to improve the affinity between the enzyme and the substrate (K,) through interactions with
78-8078-8078-8078-8079-81 The

amino acids and substrate and thus to increase enzyme activity keas

first enzyme was found in 1833 8!-82_ and the "lock and key model" of enzymes and substrates
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was proposed in 1894 26 (Figure 3). Protein and DNA sequencing technology was developed
around 1977 3, followed by site-directed mutagenesis in 1978. Prior to 1991, only a few
modifications of proteins were routinely performed to expand enzyme libraries. Directed
evolution of enzymes was developed by Frances Arnold in 1990, and with the advancement
of protein structure identification technologies, rapid and effective enzyme engineering
approaches have been described, such as the combinatorial active site saturation test/iterative
saturation mutagenesis (CAST/ISM) strategy in 2006 3% 85, With the rapid progress of
computer science in the twenty-first century, computational protein engineering was
launched. Computational protein design 3, protein-structure prediction algorithm Alphafold
61 and the artificial intelligence ChatGPT
(https://www.technologynetworks.com/informatics/news/chatgpt-for-proteins-predicts-

structure-371718) are being used to an ever-increasing extent for protein structure modeling
and function prediction. Two broad approaches have been used for enzyme engineering,

namely, rational design and evolutional design ® (Figure 3).

Frances Arnold

. . 2021, Alphafold2 and RoseTTAFold
2018, Nobel Prize

in Chemistry

2006, CAST/ISM
David Baker

.4

1991, Enzyme directed evolution

1984, Discovery of the first enzyme

L
1833, Discovery of the
first enzyme

Figure 3. The history about enzyme engineering.
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Protein structures can be determined by various technologies, which are listed in
Supplementary Table 1 with explanations. Besides, websites about enzymes and enzyme

engineering methods are summarized in the Supplementary Table 2 and 3.

1.3. Glycosyltransferase

1.3.1. Glycosylation

Glycosylation is the key to changing the bioactivity of small molecules found in nature 8.
Glycosylation changes the polarity, volatility, solubility and reactivity of the parent
compounds 3. It plays an important role in plant cells, for example in modifying secondary
metabolites, thereby altering their storage and intercellular transport. Thus, some secondary
metabolites accumulate in plant vacuoles as glycosides *°. Due to the structural and functional
diversity of natural products, glycosylation is intensively studied in drug discovery and

development °!

. Glycosyltransferases (GTs) catalyse the relocation of a sugar moiety from
an activated nucleotide diphosphate sugar donor, usually UDP-glucose to acceptor molecules.
UDP-sugars (typically UDP-D-glucose, UDP-D-glucuronic acid, UDP-D-xylose, UDP-L-
rhamnose, UDP-L-arabinose, and UDP-D-galactose) act as sugar donors in plants. Their
sugar residues are transferred to acceptors by glycosyltransferases, resulting in the formation
of O-, §-, N-, and C-glycosides and sugar esters °2. Many of these glycosyltransferases are

promiscuous, i.e. they transfer the sugar to different acceptors which contributes to the

diversity of secondary metabolism 3.

At present, there are more than 45,000 putative Family 1 glycosyltransferases in the protein

databank CAZy (http://www.cazy.org/GT1_structure.html), of which 159 3D structure are

available in PDB (https://www.rcsb.org/) but the functions of most of these GTs have not
been verified . Ultimately, these enzymes could be used as tools to generate new glycoforms
of natural products by catalysing "unnatural" coupling reactions through the exploitation of
the broad substrate specificity and the alteration of GT specificity through genetic
engineering. GT enzymes decorate natural products with a remarkable array of sugar moieties,

including D/L-configured, amino-, deoxy- , and methoxy sugars °2.
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1.3.2. Structures of glycosyltransferases

GTs have been grouped into 116 families (http://www.cazy.org/). Plant GTs that glycosylate

natural products are grouped into family 1. They show a horseshoe-like structure with N- and
C-terminal domains connected directly via an interdomain linker. Additionally, two -
helices at the C-terminus stabilize the conformation of the GTs. The plant CAZy Family 1
GT substrates include terpenoids, alkaloids, cyanohydrins and thiohydroximic acids as well
as flavonoids, isoflavonoids and phenylpropanoids. They have a conserved so-called plant
secondary product glycosyltransferase (PSPG) motif towards the C-terminus in common
(Figure 4). A three-dimensional model has revealed a direct interaction between the uracil
residue of the co-substrate UDP—glucose and the highly conserved first amino acid of the
PSPG motif (W) and an interaction of the conserved sequence HCGWNS and the
diphosphate group of UDP %3, Correspondingly, the discrimination between the donor UDP—
glucose and UDP—galactose is probably dictated by the last amino acid of the PSPG box **

>90% >80%
) Plant Secondary Product Glycosyltransferase motif (PSPG box) { ;
a
3 V P
82 ‘ SL V Wawl, e A WKy
: ép s | "S¢ TL, AUzaI | b S BEeE | leary VBRY ST
NS NPT hoROeg TNl R r SR RNaNS N E285883885832390398592359038285832

Consensus sequence
for all glycosyltransferases

Figure 4. Plant secondary product glycosyltransferase (PSPG) motif. Adapted from ,

In addition to small molecules, proteins can also be glycosylated. Glycans can be covalently
attached to the amide nitrogen of Asn residues (N-glycosylation), to the hydroxyl oxygen of,
typically, Ser or Thr residues (O-glycosylation), and, in rare cases, to the indole C2 carbon
of Trp through a C—C linkage *°. In eukaryotes and archaea, the Asn residues are located in
an Asn-X-Ser/Thr motif (where X represents any amino acid except Pro), whereas the

bacterial system requires an extended N-glycosylation consensus sequence that contains an
Asp or Glu at the -2 position (Asp/Glu-Xi -Asn-X»>-Ser/Thr, where X, and X, represent any
amino acid except Pro) %.

The Protein Data Bank (PDB; https://www.rcsb.org/) contains over 150 GT crystal structures
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classified into the GT-A, GT-B, and GT-C fold subfamilies. GT-A enzymes comprise two
abutting 3/ a /B Rossman- like domains and are generally divalent metal ion dependent. The
metal ion is coordinated by a highly conserved DXD motif within the GT active site and aids
leaving group departure by stabilizing the charged phosphate groups in the nucleotide sugar
donor. GT-B enzymes consist of two 3/ o /B Rossman-like domains that face each other. The
active site lies in the cleft between the two domains. GT-B enzymes are generally metal ion
independent, with active site residues acting to aid leaving group departure. The active site
of fold B UGTs contains a catalytically active His, contained in the N-terminal domain .
The His residue acts as a general base by removing a proton from the acceptor molecule to
produce an oxyanion nucleophile that combines with the UDP-sugar, allowing for a direct
displacement Sn2-like process **. In most cases, an Asp can help deprotonate acceptor
molecules by generating an electron transfer chain. More recently a third (GT-D) and forth
(GT-E) fold of GT enzymes, was identified *7. Structural representatives of GT-C enzymes
are hydrophobic integral membrane proteins, and perhaps not surprisingly all GT-C enzymes

characterised to date use lipid phosphate-linked sugar donors %,

1.3.3. Mechanisms of glycosyltransferases

Sugar conjugation results in increased stability, polarity and water solubility, and has a major
impact on biological activity or toxicity. Understanding the mechanisms of GTs is beneficial
for engineering the active site. Two main groups of GTs have been discovered, including
retaining GTs, that transfer sugar residues with retention of the anomeric configuration at C1,
and inverting GTs, that relocate sugar moieties with inversion of the anomeric configuration.
The classification relies on the configuration of the anomeric functional group of the glycosyl
donor and of the resulting glycoconjugate product (Figure 5). Glycosylation reactions are
regio- and stereo-specific. Hybrid quantum mechanics/molecular mechanics (QM/MM)
methods and associated experimental data have been combined to explain glycosylation

mechanism. These methods generally model enzymatic reactions through calculation of the
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electronic structure of the active site *°
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Figure 5. Mechanisms of glycosyltransferases NDP nucleotide diphosphate, Acc-OH acceptor substrate.
Adapted from 1%

The mechanism of inverting GTs has been explained, among others by a direct displacement

Sy2-like mechanism '°1- 192 (Figure 5B). An oxocarbenium-ion transition state (TS) forms

with the help of a catalytic base usually provided by an active-site side chain (such as Asp,
Glu or His) of the GTs. The catalytic base abstracts a proton from an OH-group of the
acceptor, facilitating nucleophilic attack at the sugar anomeric C1, forming a glycosidic bond
between the sugar donor and the acceptor with the inversion of the configuration at C1. This
suggests that the nucleophilic addition and glycosidic bond cleavage occur almost
simultaneous, accompanied by proton transfer. During the formation of the TS, the anomeric
Cl atom moves towards the nucleophilic oxygen accompanied by the rotation of the
diphosphate group, which promotes the glycosylation reaction. Structural studies showed that
the catalytic bases are usually located near the acceptor OH-group. Classically, the catalytic
His residue in some GT-B members can form a hydrogen bond with an Asp residue,

balancing the charge on the His after proton abstraction. In general, the negative charge on
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the phosphate group can be stabilized by a divalent metal ion (generally Mn or Mg2+) for
most GT-A proteins or positive amino acids/helix dipole for GT-B proteins. The Sy2-like

mechanism!03103103103104  the candidate catalytic residue, and the catalytic role of beta-
phosphate have been proposed several times - 13, Besides, alpha-phosphate of UDP-
GlcNAc serves as the proton acceptor with the help of an essential Lys residue during the

glycosylation catalysed by human O-GIcNAc transferase (OGT) 1%,

The double-displacement mechanism involving the formation of a covalent sugar—enzyme
intermediate has been proposed for GT6 members, which have a carboxylic residue in the
suitable position as a candidate nucleophile '°> 19 (Figure 5A). This mechanism proposes
that the sugar moiety first binds to an appropriate part of the GTs with an inverting
configuration at sugar C1. Then it is transferred to the acceptor with the C1 atom reverting
to its original configuration. For most retaining GTs (Figure 5C), the catalytic base could not
be identified in the catalytic site, thus an alternative internal return (Syi-like) mechanism was
proposed. In this mechanism, the acceptor OH-group nucleophile attacks the sugar anomeric
CI1 atom on the same side that the sugar group leaves the donor. The reaction forms an
oxocarbenium ion TS that is shielded on one face by the GTs, consequently protecting it
against nucleophilic attack from the opposite face and resulting in retention of C1. The
controversy over the retaining mechanism has persisted for years. Both the experimental and
theoretical studies suggest that the leaving phosphate group could function as the catalytic

base to deprotonate the acceptor OH-group 107> 108,

1.3.4. UDP-glucose hydrolase activity

In a conventional GT reaction, the glycoside product is released when the sugar has been
transferred from the donor substrate to the acceptor substrate. However, it has been observed
that GTs in the absence of the acceptor substrate exhibit background hydrolysis of the donor
substrate, which can be viewed as an enzymatically catalyzed transfer of the sugar moiety to

a water molecule %% 10 (Figure 6).
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Figure 6. Reaction mechanism of GTs utilizing a water molecule as acceptor substrate. UGT family-1 GT-B
inverting reaction mechanism employing direct displacement Sn2-like reaction with a water molecule resulting
in UDP and H" by-products and no glycosidic product. Adopted from the dissertation of Kate McGraphery
(https://www.mls.ls.tum.de/bina/forschung/dissertationen/).

1.3.5. Quantification of the glycosyltransferase reaction

Liquid chromatography coupled with mass spectrometry (LC-MS) and radiolabelled sugar
donors combined with liquid scintillation counting were used to detect glycoside products !
The UDP by-product can be quantified with the UDP-Glo GT-assay, Phosphate GT Activity
assay, pH-sensitive GT-assay, and UDP2-TR-FRET assay °! (Figure 7). However, the pH-
sensitive assay and the UDP2-TR-FRET assay are incomparable and unsuitable for high-

throughput plant GT-1 family UGT screening.

[Sugar Acceptor} [Sugar Donor] Glycoside

OH Glycosyltransferase
E + HO Q L Y E\o on
OH HO OH . b Hom/
HO
b.| c.| d.l
UDP Detection Coupling
Reagent Phosphatase

o

ATP | -
|

0 e Q
Phenol Red Ho—B—0 A oo \¢?7
e e on o ° A Terbium @
phiibE; phe.2 Malachite Green Antibody
O OH Reagents

Figure 7. Glycosyltransferase reaction and four methods for the quantification of by-products. (a) Colorimetric

pH-sensitive assay (b) UDP-Glo™ assay—UDP is converted to ATP eventually generating light in a luciferase
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reaction. (c) Phosphate GT assay—Phosphate is released from UDP and detected by malachite green reagents.
(d) UDP2 TR-FRET immunoassay—a competitive immunoassay for UDP detection. Adapted from ',

1.3.6. Glycosyltransferase engineering

Enzymatic catalysis is increasingly used in industrial processes to manufacture chemicals,

pharmaceuticals, and materials for human society !3.

Strategies, such as chemical
modification, immobilization, site-directed mutagenesis, directed evolution of enzymes,
artificial metalloenzymes, and computational design, are used to adapt enzymes for use as

catalysts for industrial processes !'*

. Editing enzymes to easily integrate biocatalysis with
chemocatalysis is a potential way to apply enzymes in industry. Enzymes offer a unique
strategy for catalyst optimization through protein engineering. In the last two decades,
various studies have been conducted on the modification of natural products by glycosylation
and numerous techniques have been applied, including enzymatic glycosylation using whole
cells or single GTs, in vitro glycorandomization, and combinatorial biosynthesis in line with
the idea of synthetic biology ¥ %*. In plants, GTs can glycosylate almost all major classes of
secondary metabolites, such as phenylpropanoids, alkaloids, terpenoids, and polyketides '°.
Structure-guided alanine scanning and saturation mutations of the glycosyltransferase Yjic
from Bacillus subtilis were performed and mutant M315F was found to efficiently synthesize
ginsenoside Rh2 (~99%) and block the further glycosylation of C12-OH ''®, Structure-
guided mutagenesis was also employed to modify the catalytic specificity of a C-
glycosyltransferase from Trollius chinensis (TcCGT1), allowing for changes in C- and O-
glycosylation. TcCGT1 possesses the capability to perform 8-C-glycosylation on 36 distinct
flavonoids and O-glycosylation on a variety of phenolic compounds. This broad substrate
range is attributed to the ample binding pocket, a characteristic elucidated through its crystal
structure when bound to uridine diphosphate. The orientation of the substrate within this
binding pocket determines whether C- or O-glycosylation activity is exhibited. By
performing site-directed mutagenesis on two specific residues (I94E and G284K), it was
possible to shift the enzyme's activity from C-glycosylation to O-glycosylation. This

demonstrates how precise structural modifications can be used to fine-tune the enzymatic
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specificity of TcCGT1, allowing for targeted alterations in its glycosylation capabilities 7.
Fortunately, genome sequencing and genome editing also contribute a lot.
The GT families are grouped hierarchically from their 3D structures (fold GT-A — GT-E) to

) 18, as we mentioned above. As more

their mechanism of reaction (inverting or retaining GTs
research is done on the particular spatial arrangement of the active site, protein dynamics,
conformational changes, and plasticity of GTs during substrate recognition and catalysis, the
enzyme transition state complex will become less mysterious ''°. The first determination of
the three-dimensional structure of a family 1 plant GT (VvGT1), including its "Michaelis"
complex with a UDP-glucose-derived donor and the acceptor kaempferol and in complex
with UDP and quercetin, and mutational analysis contributed decisively to uncovering the
basis for the modification of plant natural products '2°. The structure-based rational design

and directed evolution of GTs involved in the biosynthesis of glycosylated plant natural

products have been recently summarized °'.

1.4. The glycosyltransferase UGT72AY1 from Nicotiana benthamiana

1.4.1. The substrate screening of NbUGT72AY1

Because tobacco plants produce high amounts of bioactive apocarotenoids in their leaves,
most of which accumulate in glycosidic form, a publicly available transcriptome of Nicotiana
benthamina was searched for glycosyltransferase genes that are particularly highly expressed
in the leaves %% 2!, Subsequently, total RNA was isolated from N. benthamiana leaves and

the gene coding for NbUGT72A4Y1 (Nbv6.1trP2283, http://benthgenome.qut.edu.au/) was

amplified, among others, from c¢DNA. For recombinant His-tagged protein
production, Escherichia coli BL21(DE3)pLysS cells were used 2> 123, and NbUGT72AY 1
was identified as a promiscuous enzyme capable of glycosylating a wide range of small
molecules, including phenolics (monolignols and hydroxycoumarins), isoprenoids
(monoterpenoids and apocarotenoids), and aliphatic alcohols (hexanols and octanols), as

shown by LC-MS analysis '?>!2! (Figure 8).
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Substrates 72AY1
Retinol 0
Farnesol 21
a-lonol 51
p-lonol 49
2-Phenylethanol 56
Furanmethanethiol 0
Carvacrol 50
Geraniol 23
Hydroquinone 55
Kaempferol 92
Scopoletin 72
Mandelonitrile 0
3-cis-Hexenol 41
Perillyl alcohol 100
1-Octen-3-ol 55
Benzyl alcohol 32
Mandelic acid 0
1-Bisabolol 0
Lavandulol 33
Borneol 0
Carveol 46
Fenchyl alcohol 0
4-Carvomenthenol 0
Tyrosol 100
Myrtenol 29
3-Oxo-x-ionol 100
Converted substrates 18

Figure 8. Screening of ten UGTs from N. benthamiana for potential substrates by LC-MS. The colour code
shows non-reactive substrate enzyme combinations in red (0%; no product detected by LC-MS) and increasing

reactivities from white to green colour (maximum activity in dark green corresponding to 100%). Adapted from
9%

Given the limitation of the LC-MS data, which hindered a direct quantitative comparison of
NbUGT72AY I's enzymatic activity across different substrates due to varying ion yields of
the products, we turned to the UDP-Glo™ assay as a solution. This assay assesses the
formation of UDP during glucoside formation, providing a means for a direct comparison of
catalytic activity (Figure 9a). In this assay, the release of UDP was quantified in mixtures
containing the enzyme together with donor and acceptor substrates. (Figure 9b). To establish
a baseline, the amount of UDP generated in a control sample containing only the enzyme and
the donor substrate (referred to as "no-acceptor control") was subtracted from the values
obtained in the presence of both substrates. The results from the UDP-Glo™ assay confirmed
that scopoletin and carvacrol, among others, are indeed substrates of NbUGT72AY1.
However, intriguingly, the assay revealed negative values for alpha-ionol, beta-ionol,

farnesol, and retinol after subtracting the control values. This unexpected finding was
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explained by the inherent UDP-glucose glucohydrolase activity of GTs (Figure 9b), which
undergoes inhibition in the presence of the terpenoids. This insight provides valuable
information about the enzyme's dual functionality and how specific compounds can modulate

its activities in distinct ways'!!
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Figure 9. NbUGT72AY | shows uridine 5’-diphosphate a-D-glucopyranose (UDP-glucose) glucohydrolase and
glucosyltransferase activity. (a) Substrate screening of NbUGT72AY 1 using the UDP-Glo™ assay. (b) Reaction
catalyzed by Hexosyltransferase, UDP-a-D-glucose glucohydrolase, and UDP-a-D-glucose diphosphatase.
Adapted from '!!

1.4.2. Substrate inhibition of glucosyltransferase NbUGT72AY1

UDP-Glo™ assay was used to measure NbUGT72AY1 kinetic parameters with
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scopoletin. Substrate inhibition was observed with scopoletin, but also with structurally
related acceptors such as umbelliferone, vanillin and carvacrol (Figure 10). The mechanisms
of substrate inhibition appear to be very complex. For example, several (at least two) binding
sites within the enzyme (allosteric binding), the formation of a ternary dead-end enzyme
complex and/or the changes in enzyme conformation induced by the ligand could possibly

lead to substrate inhibition %4
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Figure 10. Kinetics for NbUGT72AY 1. Adapted from!%

1.4.3. Inhibition/activation of glucosyltransferase NbUGT72AY1

Since the production of alpha-ionol and beta-ionol B-D-glucosides by NbUGT72AY 1 had
already been confirmed by LC-MS analysis 22 (Figure 8), our results allowed us to conclude
that the enzyme exhibits a high UDP-forming activity even in the absence of an acceptor
molecule (Figure 9). This observation explained the divergent results obtained from both LC—
MS and UDP-Glo™ analyses. Therefore, the impact of varying concentrations of
apocarotenoid effectors (alpha- and beta-ionol, as well as alpha- and beta-ionone) on the
UDP-glucose glucohydrolase activity (Figure 9b) and the glucosyltransferase activity of
NbUGT72AY 1 towards its preferred substrate, scopoletin were investigated (Figure 9b). The
findings revealed that apocarotenoids enhance the catalytic activity of the UGT towards the
hydroxycoumarin (scopoletin) (Figure 11). However, the glucohydrolase activity was

inhibited in the absence of scopoletin. These results shed light on the intricate regulatory
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mechanisms at play and their influence on the enzyme's activities in response to different

substrate and effector concentrations (Figure 11).
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Figure 11. Effect of apocarotenoids on the glucosyltransferase and UDP-glucose glucohydrolase activity of
NbUGT72AY 1. Increase of the UDP-glucose: scopoletin glucosyltransferase activity of NbUGT72AY1 by
ionols and ionones as a function of ionol/ionone concentration (upper part). Inhibition of the UDP-glucose
glucohydrolase activity by ionols and ionones as a function of ionol/ionone concentration (lower part). Adapted

from 1.
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2. Aims of this study

Exploring the mysteries of protein-ligand interactions can help improve future protein
engineering research. Preceding studies showed that NbUGT72AY1 is an unusual enzyme
because it exhibits broad substrate tolerance **!?! hydrolyzes UDP-glucose considerably in

111

the absence of acceptor substrates and is strongly substrate-inhibited by

hydroxycoumarins ''!. However, this inhibition can be partially reversed by apocarotenoids
"1 Thus, NbUGT72AY 1 appears to be an excellent model for studying critical amino acids
and conformational changes during substrate inhibition. It may exhibit allosteric modulation

with apocarotenoids. The following experiments were planned to test the hypothesis.

- perform homology modeling to obtain the most realistic 3D structure possible

- perform HDX-MS to locate the ligand binding site

- search for related sequences and compare enzymatic activity with that of NbUGT72AY 1

- select candidate amino acids probably involved in ligand binding from HDX-MS results

and amino acid alignment with related sequences.

- measure enzymes activities of mutants by UDP-Glo™ assay and LC-MS to confirm the

proposed ligand binding site

- perform in silico docking on NbUGT72AY1 with scopoletin and additional ligands and

analyze conformational changes.

- analyze the putative allosteric site using effectors and mutations.

- test other substrates for substrate inhibition
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3. Subfunctionalization of a monolignol to a phytoalexin
glucosyltransferase is accompanied by substrate inhibition

Abstract

The promiscuous monolignol/phytoalexin glucosyltransferase NbUGT72AY1 from
Nicotiana benthamiana shows substrate inhibition with scopoletin at 4 uM, whereas the
highly homologous StUGT72AY2 from Solanum tuberosum is only inhibited at a 50-fold
higher concentration. In this research, we investigated the mechanism of substrate inhibition

from the following perspectives:

Structural insights by HDX-MS: Hydrogen/Deuterium Exchange Mass Spectrometry (HDX-
MS) is a powerful tool for deciphering the structural dynamics of enzymes. By identifying
specific amino acids involved in ligand binding, the study unveiled critical regions that
respond to scopoletin binding. This information aids in understanding how ligand-induced

conformational changes impact the enzyme's function.

Homology modelling by in-silico docking: Computational simulations were used to elucidate
conformational changes occurring during the interaction between NbUGT72AY1 and
scopoletin. In particular, the movement of amino acids 305-325 are identified as a critical
loop responsible for the open and close states of the protein. Furthermore, the rotation of
W350 is shown to be a key factor that guides the donor substrate to the active site and

facilitates the export of the reaction product UDP.

Reciprocal mutation analyses: The importance of amino acid F87I, positioned in the active
site, and a distinct sequence segment, located outside the catalytic center, for substrate
inhibition was validated by reciprocal mutation analyses. These results emphasize the
complexity of the regulation of substrate inhibition, which affects both the catalytic and non-

catalytic regions of the enzyme.

Subfunctionalization and extended promiscuity: The subfunctionalization within a
monolignol glucosyltransferase in Nicotiana observed in this study underscores the

evolutionary importance of enzyme diversification. This diversification can lead to extended
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promiscuity and substrate inhibition patterns, reflecting the adaptability of these enzymes to

evolving biochemical demands.

In summary, this comprehensive study sheds light on the intricate interplay between
promiscuity, substrate inhibition, and structural dynamics within the NbUGT72AY 1. These
findings have broader implications for understanding enzyme evolution, substrate

recognition, and the regulation of catalytic activities in various biochemical pathways.

This work has been published:

Title: Subfunctionalization of a monolignol to a phytoalexin glucosyltransferase is
accompanied by substrate inhibition

Authors: Jieren Liao, Guangxin Sun, Elisabeth Kurze, Wieland Steinchen, Timothy D.
Hoffmann, Chuankui Song, Zhiwei Zou, Thomas Hoffmann, Wilfried Schwab

First Published: 24 December 2022

Journal: Plant Communications

Publisher: Cell Press

DOI: 10.1016/5.xplc.2022.100506.

Link: https://www.sciencedirect.com/science/article/pii/S2590346222003534

The journal “Plant Communications” has information regarding ‘author rights’ to use their
own work in support of their thesis.

J.L.,G.S., EK., T.H,, and W.G.S. designed experiments and interpreted data; J.L., G.S., E.K.,
TH., TD.H., C.S., and W.G.S. wrote the manuscript; J.L., G.S., and E.K. performed
biochemical analyses and analyzed the proteins; J.L. and E.K. generated mutant proteins;
J.L., G.S., EK., and T.H. performed LC-MS analyses. W.S. performed HDX-MS analyses;
W.G.S. performed in silico analyses; C.S., T.D.H., and W.S. contributed to materials,

instruments, data analysis, and the manuscript. All authors approved the final manuscript.

26



Plant Communications ¢ CellPress

Research article Partner Journal

Subfunctionalization of a monolignol
to a phytoalexin glucosyltransferase
Is accompanied by substrate inhibition

Jieren Liao'’-°, Guangxin Sun'-#°, Elisabeth Kurze'->, Wieland Steinchen?,

Timothy D. Hoffmann', Chuankui Song?, Zhiwei Zou', Thomas Hoffmann'

and Wilfried G. Schwab'*

"Biotechnology of Natural Products, Technische Universitit Miinchen, Liesel-Beckmann-Str. 1, 85354 Freising, Germany

2Center for Synthetic Microbiology (SYNMIKRO) & Faculty of Chemistry, Philipps-University Marburg, Karl-von-Frisch-StraBe 14, 35043 Marburg, Germany

3State Key Laboratory of Tea Plant Biology and Utilization, International Joint Laboratory on Tea Chemistry and Health Effects, Anhui Agricultural University, 230036
Hefei, Anhui, P. R. China

“Present address: Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT, USA
5These authors contributed equally to this article.

*Correspondence: Wilfried G. Schwab (wilfried.schwab@tum.de)

https://doi.org/10.1016/j.xplc.2022.100506

ABSTRACT

Uridine diphosphate-dependent glycosyltransferases (UGTs) mediate the glycosylation of plant metabolites,
thereby altering their physicochemical properties and bioactivities. Plants possess numerous UGT genes,
with the encoded enzymes often glycosylating multiple substrates and some exhibiting substrate inhibition
kinetics, but the biological function and molecular basis of these phenomena are not fully understood. The
promiscuous monolignol/phytoalexin glycosyltransferase NbUGT72AY1 exhibits substrate inhibition (K;) at
4 uM scopoletin, whereas the highly homologous monolignol StUGT72AY2 is inhibited at 190 uM. We there-
fore used hydrogen/deuterium exchange mass spectrometry and structure-based mutational analyses of
both proteins and introduced NbUGT72AY1 residues into StUGT72AY2 and vice versa to study promiscuity
and substrate inhibition of UGTs. A single F87] and chimeric mutant of NbUGT72AY1 showed significantly
reduced scopoletin substrate inhibition, whereas its monolignol glycosylation activity was almost unaffected.
Reverse mutations in StUGT72AY2 resulted in increased scopoletin glycosylation, leading to enhanced
promiscuity, which was accompanied by substrate inhibition. Studies of 3D structures identified open and
closed UGT conformers, allowing visualization of the dynamics of conformational changes that occur during
catalysis. Previously postulated substrate access tunnels likely serve as drainage channels. The results
suggest a two-site model in which the second substrate molecule binds near the catalytic site and blocks
product release. Mutational studies showed that minor changes in amino acid sequence can enhance the
promiscuity of the enzyme and add new capabilities such as substrate inhibition without affecting existing
functions. The proposed subfunctionalization mechanism of expanded promiscuity may play arole in enzyme
evolution and highlights the importance of promiscuous enzymes in providing new functions.

Key words: glycosyltransferase, substrate inhibition, hydrogen/deuterium exchange mass spectrometry, protein
morphing, protein conformer, scopoletin
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INTRODUCTION
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ical reaction that affects the solubility, stability, transport, CEMPS, CAS.
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storage, reactivity, and bioactivity of sugar acceptors such as
proteins, lipids, saccharides, and small molecules (Kurze et al.,
2021; Putkaradze et al., 2021). In plants and animals, uridine
diphosphate (UDP) sugar-dependent GTs (UGTs) catalyze the
glycosylation, e.g., the glucosylation and glucuronidation, of nat-
ural products and xenobiotics (Meech et al., 2019; Wilson and
Tian, 2019). Plant UGTs involved in carbohydrate transfer
to small molecules are encoded by large multigene families
and show a conserved signature motif in their amino acid
sequences known as the plant secondary (specialized) product
glycosyltransferase (PSPG) box, which groups them among
the family 1 glycosyltransferases (GT1) according to the CAZy
database (www.cazy.org/GlycosylTransferases.html) (Kurze
et al., 2021). Glycosyltransferases can be classified into more
than 100 families, of which GT1, containing only UGTs, is the
most numerous in the plant kingdom (Yonekura-Sakakibara
and Hanada, 2011). Plant and animal UGTs are often
promiscuous enzymes and glycosylate more than one
substrate, but multiple UGT enzymes can also convert the
same substrate. This fact suggests that substrate availability is
a critical factor for product formation in a cellular context and
that redundancy reflects the plasticity of glycosylation (Bowles
et al., 2006).

Protein promiscuity plays a central role in evolution, and this is re-
flected in proposed models of enzyme evolution, as three out of
four models start from promiscuous enzymes (Glasner et al.,
2020). Two subfunctionalization models have been proposed,
differing in their mechanism of functional specialization, as well
as an innovation-amplification-divergence model, and all three
build on multifunctional predecessors. Although these models
predict that the endpoints of each evolutionary pathway are
functionally specialized, examples from the literature show that
endpoints can still be promiscuous for the ancestral activity
(Noda-Garcia and Tawfik, 2020).

The 3D crystal structures of glycosyltransferases published to
date mainly adopt one of two folds, termed GT-A and GT-B.
GT-C and GT-D folds have also been identified but have
few structural representatives (Zhang et al., 2014). Plant
glycosyltransferases categorized as GT1 in the CAZy database
(Drula et al., 2022) show a GT-B fold and catalyze the enzymatic
reaction using an inverting glycosylation mechanism (Liang et al.,
2015). Regardless of the individual topology, the reaction usually
proceeds according to a sequential bi-bi mechanism, during
which the carbohydrate donor substrate and aglycone acceptor
substrate are sequentially bound, followed by sugar transfer
to the latter (Luukkanen et al., 2005). The glycoside product is
set free, followed by release of the nucleotide. The N- and
C-terminal domains of GT-B members bind the acceptor and car-
bohydrate donor, respectively, and the GT-B protein undergoes a
series of conformational changes during the reaction (Albesa-
Jové and Guerin, 2016). Binding of the carbohydrate donor,
which allows the pyrophosphate to interact by hydrogen bonds
with the N- and C-terminal domains and thus stabilize the
catalytically active conformation, triggers the switch from open
to closed conformation (Qasba et al., 2005). The conformational
closure changes the size and shape of the active site and forms
the actual acceptor binding sites, which are stabilized by
entropic effects, in accordance with the induced-fit mechanism
(Liang et al., 2015). A histidine residue at about position 20 in
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the N-terminal domain of GT1 enzymes is regarded as the
catalytic base for deprotonation of the hydroxyl group at
the acceptor molecule to enable nucleophilic attack at the
anomeric center of the sugar donor (Offen et al., 2006). The
reaction corresponds to a single displacement mechanism.
Protonation of the histidine is subsequently stabilized through
hydrogen-bonding interactions with an aspartate residue around
position 120.

Plant UGTs are involved in various pathways of specialized
metabolism and therefore play a central role in growth and
development. They are implicated in homeostasis of plant
hormones such as abscisic acid and auxins, defense against plant
pathogens by glucosylation of phytoalexins, and biosynthesis of
lignin, although their exact roles in lignin formation have not
yet been clarified (Yonekura-Sakakibara and Hanada, 2011;
Wilson and Tian, 2019). For lignin biosynthesis, the lignin
monomers 4-coumaryl, coniferyl, and sinapyl alcohols/aldehydes
(monolignols) must be translocated into the cell wall for
polymerization to lignin (Le Roy et al., 2016). UGT72E2 and
UGT72E3, two glycosyltransferases from Arabidopsis thaliana,
glucosylate monolignols at the 4-O position, suggesting that these
enzymes might play a role in lignin biosynthesis (Lanot et al., 20086,
2008). Downregulation of the corresponding genes led to reduced
monolignol glucoside levels in transformed Arabidopsis plants,
and UGT72E1 and UGT72E2 were co-expressed with the
peroxidases PRX49 and PRX72, which are major actors in lignin
polymerization in the cell wall (Le Roy et al., 2016). Although the
detailed mechanism underlying the relationship between lignin
biosynthesis and monolignol glycosylation is not yet clear, it is
generally accepted that UGTs are essential for lignification of the
plant cell wall (Le Roy et al., 2016).

Inhibition of enzyme activity at high substrate and/or cofactor
concentrations, also known as substrate inhibition, is a common
phenomenon observed in over 20% of known enzymes, including
dehydrogenases, P450 enzymes, and UGTs (Reed et al., 2010). A
two-site binding model has been proposed, in which one sub-
strate binding site is productive (catalytic site) whereas the other
(inhibitory site) is suppressive (Wu, 2011; Dong and Wu, 2012).
Formation of a ternary dead-end complex has also been dis-
cussed as another substrate inhibition mechanism whereby
accumulation of the non-productive ternary complex slows catal-
ysis to a significant extent (Luukkanen et al., 2005). However,
these models do not account for conformational change of the
proteins upon ligand binding.

In two previous studies, we investigated the promiscuous mono-
lignol/phytoalexin glycosyltransferase NbUGT72AY1 from the to-
bacco plant Nicotiana benthamiana (Sun et al., 2019, 2020). In
this work, we observed pronounced substrate inhibition kinetics
of the enzyme with scopoletin as the acceptor substrate,
whereas its most similar homolog StUGT72AY2 from the potato
plant Solanum tuberosum was only slightly inhibited at high
scopoletin concentrations and showed a different substrate
spectrum. Examination of NobUGT72AY1 by hydrogen/deuterium
exchange mass spectrometry (HDX-MS) revealed amino acids
putatively involved in scopoletin and UDP binding. Mutational an-
alyses of NbUGT72AY1 and StUGT72AY2 in combination with
in silico modeling and morphing studies identified an allosteric
site formed after the transition from open to closed protein
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conformer and highlighted amino acids important for substrate
preference and inhibition. Although members of the UGT72 family
preferentially glucosylate monolignols (Speeckaert et al., 2022),
our results show that single amino acid substitutions can
contribute to the subfunctionalization of UGT72s (Glasner et al.,
2020), resulting in additional conversion of hydroxycoumarins
but with substrate inhibition.

RESULTS

NbUGT72AY1 and StUGT72AY2 share high sequence
identity but exhibit distinct substrate preferences and
enzyme Kkinetics

UGT72 members catalyze the glycosylation of monolignols such
as 4-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol, and
their respective aldehydes and are therefore likely to be involved
in lignin formation (Lim et al., 2005; Speeckaert et al., 2020,
2022). During comparative functional characterization studies
on UGTs from N. benthamiana, NbUGT72AY1 attracted our
particular attention because of its distinct, unusually strong sco-
poletin glycosylation activity (Sun et al., 2019). Recombinant
NbUGT72AY1 produced in E. coli glycosylated six monolignols
in vitro (Figures 1A and 1B); it is expressed primarily in stem
tissue (Sun et al., 2019) (Supplemental Figure 1) and may thus
play a role in lignification of this plant part.

Additional biochemical assays showed that the monoterpene
alcohol carvacrol, the coumarin derivatives umbelliferone and
scopoletin, and the phenol vanillin are preferred substrates of
NbUGT72AY1, but they strongly inhibited the enzymatic activity
of NbUGT72AY1 at higher concentrations (Figures 1A and 1C).
NbUGT72AY1 exhibited atypical Michaelis-Menten kinetics,
and the data did not conform to the typical substrate inhibition
equation, implying that the uncompetitive inhibition was incom-
plete. In particular, the substrate scopoletin showed unusually
strong substrate inhibition kinetics for NbUGT72AY1 (Figure 1C).

The equation (Equation 4) that best fit the data of all substrates
combines the two-site kinetic model for sequential ordered binding
(Equation 3) (Wu, 2011) and the Hill equation (Equation 2) (LiCata
and Allewell, 1997). The equation contains two Hill coefficients, n
and x, where x takes into account the possibility that binding of
the substrate in the inhibitory mode can also be cooperative. The
model (Scheme 1) and corresponding equation also explained
well the kinetics of an anthocyanidin UGT from strawberry
(Fragaria vesca) (Peng et al., 2016). The high activity and strong
substrate inhibition of carvacrol, umbelliferone, scopoletin, and
vanillin can also be inferred from their kinetics, as the preferred
substrates exhibited higher maximal reaction rates (V,,a) but
lower inhibition constants (K compared with the values for the
monolignols (Supplemental Table 1).

The inhibition constant K; is the concentration of inhibitor required
to decrease the maximal rate of the reaction to half of the uninhib-
ited value. The glucosylation of monolignols is inhibited at much
higher substrate concentrations (K; > 500 uM), and the inhibition
appears to be complete (V; = 0 nmol/min/mg).

To analyze the remarkable properties of NobUGT72AY1 in more
detail by comparative analysis, we searched for similar en-
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zymes using BLAST (blast.ncbi.nim.nih.gov) and identified
StUGT72AY2 from potato (S. tuberosum) (Figure 2), whose
gene was also strongly expressed in stem tissue regardless
of whether TPM or FPKM values were used (www.ebi.ac.uk/
gxa/experiments/E-MTAB-552/; PGSC0003DMG401004500)
(Supplemental Figure 1). NbUGT72AY1 and StUGT72AY2
consist of 477 and 474 amino acids, 383 of which are shared
(80.3% identity), and have isoelectric points of 6.00 and 5.67,
respectively. Both contain the catalytically active H18 as
well as D118 that activates H18, the PSPG box (W352-
Q395; consensus sequence), and the GSS motif, a feature of
mono-glucosyltransferases (Kurze et al.,, 2021). However,
in vitro enzyme activity assays revealed distinct substrate
preferences and kinetics for StUGT72AY2 compared with
NbUGT72AY1 (Figure 1A). StUGT72AY2 showed high catalytic
activity toward 2-methoxy-phenols (vanillin, sinapyl aldehyde,
sinapyl alcohol, coniferyl alcohol, coniferyl aldehyde, and
scopoletin), as well as carvacrol (in which the methoxy
group is replaced by a methyl group), which was also
converted. By contrast, NbUGT72AY1 favored short-chain
phenols (carvacrol and vanillin) and cyclic hydroxyl phenylpro-
panoids (umbelliferone and scopoletin), whereas open-
chain hydroxyl phenylpropanoids were slowly transformed.
StUGT72AY2 showed weak substrate inhibition and even Mi-
chaelis-Menten curves were obtained for vanillin, coniferyl
alcohol, coniferyl aldehyde, and sinapyl alcohol (Figure 1C;
Supplemental Table 1). Both enzymes produced exclusively
4-0O-glucosides of monolignols, as confirmed by LC-MS
analysis (Supplemental Figure 2).

Homology modeling of NbUGT72AY1 identified closed
and open conformers

To understand the structural requirements and conformational
changes that accompany substrate inhibition, we generated a
homology model of NbUGT72AY1. The amino acid sequence
of NbUGT72AY1 was submitted to the IntFOLD web server
(https://www.reading.ac.uk/bioinf/IntFOLD/). Among the top
five 3D models, model IntFOLD5_MUSTER_multi8_TS1.bfact
(template 6JTD_A; coverage of target: 0.9937107; RMSD: 0.72;
TM-score: 0.98727) was chosen on the basis of its high Global
Model Quality Score (GMQS) of 0.59 and confidence p-value of
1.818 x 107°.

Scores greater than 0.4 are characteristic of more complete and
confident models; thus, the predicted model should closely
reflect the native protein 3D structure (McGuffin et al., 2019).
With the exception of the first five amino acids at the N
terminus and amino acids 310 to 315, no residue exceeded the
disorder/order probability score of 0.5 (Supplemental Figure 3),
and conserved regions of UGTs (catalytic H18, activating D118,
and the PSPG box from W350-Q393) were located in highly
ordered regions of the protein. Accordingly, these residues and
regions also show low per-residue errors (Supplemental
Figure 4). NbUGT72AY1 is a typical GT1 family member, as it
adopts the GT-B fold, and it should follow an inverting mecha-
nism (Figure 3A).

The IntFOLD5-TS method works via iterative multi-template-based
modeling (Buenavista et al., 2012) and uses target-template
alignments. The templates (www.rcsb.org) 6JTD (He et al., 2019)
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Figure 1. Substrate preferences and kinetics of NbUGT72AY1 and StUGT72AY2.

The first and second columns show the results for NoUGT72AY1 and StUGT72AY2, respectively.
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Scheme 1. General reaction scheme for partial uncompetitive
substrate inhibition

and 2VG8 (identical in sequence to 2VCE and 2VCH) (Brazier-Hicks
etal., 2007) were preferred for generation of 3D structures because
of their high amino acid sequence identities of 47.0% and 41.4%,
respectively, with NoUGT72AY1. A search for suitable templates
at the SWISS-MODEL server (https://swissmodel.expasy.org)
and a detailed analysis revealed two additional protein sequences
highly similar to NbUGT72AY1 whose 3D structures have been
elucidated (Supplemental Figure 5).

The sequences of 6SUBG (identical to 6SU7 and 5NLM) (Hsu et al.,
2018; Teze et al., 2021) and 6JEL (identical to 6JEN and 6JEM)
(Maharjan et al., 2020) share 41.2% and 39.4% identical amino
acids, respectively, with NbUGT72AY1. A closer inspection of
the UGT protein structures suggested that 6JTD and 2VG8
show the enzyme in the closed form, whereas 6SU6 and 6JEL
display the 3D model of the open conformer (Figure 3C). This
assumption is supported by the greater distance between the
N- and C-terminal domains of 2VG8/6JTD and 6SU6/6JEL
(S62.A CB to E263.A CB in 6JTD: 19.1 A, compared with S62.A
CB to E262.A CB in 6SU6: 27.1 A) and the opposite orientation
of a loop in 2VG8/6JTD and 6SU6/6JEL, which is located
between the domains. Furthermore, the side chain of the first
amino acid of the PSPG box, Trp, orients differently to the
donor substrate (Figure 3D). In the crystal structures of the
putative open protein conformers (6SU6 and 6JEL), Trp is
rotated about 180° compared with the 3D structures of the
closed conformers (6JTD and 2VG8). This can explain why all
soaking experiments with (closed) 6JTD were unsuccessful (He
et al., 2019), whereas (open) 6SU6 (with UDP-Gic) and 6SU7
(with 3,4-dichloroaniline) complex structures were readily ob-
tained after soaking of pre-formed Polygonum tinctorium UGT1
crystals with the ligands (Teze et al., 2021). Consequently, we
also generated the 3D structure of the open conformer of
NbUGT72AY1 based on 6SU6 using the SWISS-MODEL server
(https://swissmodel.expasy.org), as the IntFOLD server does
not accept predefined templates (Figure 3B). The GMQE and
Qualitative Model Energy Analysis (QMEA) values were 0.71
and 0.71 + 0.05 (Supplemental Figures 6 and 7), respectively.
Among other differences, the open and closed NbUGT72AY1
conformers differ in the orientation of W350 and the flexible
loop (amino acids 306 to 325, shown in red) (Figures 3A and
3B). The root-mean-square deviations (RMSDs) of atomic posi-
tions of closed and open NbUGT72AY1 compared with 6JTD
and 6SU6 were 0.393 and 0.179 A, respectively (Figure 3E).

HDX-MS analysis of NbUGT72AY1 revealed
conformational changes upon substrate binding

It has been suggested that two substrate binding sites may
contribute to substrate inhibition in the glycosylation reaction
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(Wu, 2011; Dong and Wu, 2012). To probe for substrate binding
to NbUGT72AY1, we performed HDX-MS in solution. HDX-MS
relies on exchange of the amide hydrogens of the protein back-
bone for hydrogens from the solvent, which can be quantified
by MS using a solvent containing D,O after proteolytic digestion
of the protein owing to peptide mass shifts. The rate of H/D
isotope substitution depends on the folded state and the dy-
namics of the protein (the stability of hydrogen bridge networks),
and it may thus provide insights into protein structure or confor-
mational changes upon ligand binding (Konermann et al., 2011;
Masson et al., 2019).

NbUGT72AY1 was subjected to HDX-MS in the absence and
presence of scopoletin or UDP ligands. After deuterium labeling
and pepsin digestion, 150 peptides covering approximately
92% of the GST-tagged NbUGT72AY1 protein were obtained
(Supplemental Figure 8A; Supplemental Table 2_HDX). The
pattern of deuterium incorporation by NbUGT72AY1 agreed
well with the predicted secondary structure, as rapid and high
deuteration was apparent in protein parts without assigned
secondary structures, e.g., the linker between the GST tag and
NbUGT72AY1 and NbUGT72AY1 residues 244 to 255 and 305
to 328 (Supplemental Figure 8B).

Upon incubation with scopoletin, reduced HDX was observed in
several areas of the N-terminal domain of NbUGT72AY1
(Supplemental Figure 9A), i.e., B-strand 1 and helix 1 (residues
8-29), the N-terminal portion of helix 4 (residues 83-91 and 94—
98), the loop between B4 and a5 (residues 117-121), and parts
of helices 6-10 and their interconnecting loops (residues 156-
208). Most of these alterations should be caused by scopoletin
binding to the enzyme active site, which is reflected in HDX
changes surrounding the active site residues His18 and Asp118
(Figure 2). Correspondingly, no scopoletin-dependent perturba-
tions in HDX were observed in peptides located in the GST tag
or C-terminal domain of NoUGT72AY1. Changes in the HDX profile
with respect to UDP were apparent for both N-terminal and C-ter-
minal domains of NbUGT72AY1 (Supplemental Figure 9B) and
similarly encompassed residues critical for coordination of this
substrate (e.g., a-helix 17 with residues 371-376, and W350
located in the PSPG box, Figure 2). When both ligands
(scopoletin/UDP) were applied at the same time, the effects were
additive (Supplemental Figure 10). Collectively, these data
suggest major conformational changes in NoUGT72AY1 caused
by substrate binding, with scopoletin binding leading almost
exclusively to transitions in the N-terminal part and UDP binding
affecting both domains.

Scopoletin docking experiments on the predicted 3D
model of NbUGT72AY1 to identify binding sites

Scopoletin docking was performed on the predicted closed 3D
model of NbUGT72AY1 using the AutoDock Vina tool imple-
mented in UCSF Chimera and the protein 3D structure 2VCE
(www.rcsb.org) with the acceptor and donor ligands trichloro-
phenol and UDP-2-deoxy-2-fluoro-glucose, respectively. For
the correct placement of UDP-Glc, 6SU6 (www.rcsb.org) was
used as a template. The ligand scopoletin was installed in a plane
with trichlorophenol in the active site (Supplemental Figure 11A).
Comparison of the arrangement of the phenolic acceptor
substrates in the active sites of the crystallized UGTs showed
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that they were all perfectly coplanar, with the hydroxyl group
pointing toward the catalytically active His (Supplemental
Figure 11B). The bond lengths (3.1 and 3.3 A) and angle (102°)
of the arrangement H18/scopoletin-OH/C1-UDP-Gic correspond
well to the lengths (2.3 and 3.8 A) and angle (111°) of the catalytic
conformation in the crystal structure of 2VCE. A closer look at the
active site shows that it is lined mainly with nonpolar amino acids
(P14, G15, 186, F87, L90, 1119, F120, P186, and A391), which
presumably interact in a nonpolar (alkyl and 7t-7t) and polar (van
der Waals and carbon hydrogen) manner with the coumarin
derivative (Supplemental Figure 11C). Scopoletin further forms
a hydrogen bond with H18 that is important for catalysis, and
D185, Q194, and H390 interact with the acceptor molecule via
van der Waals forces and m-m stacking. The reaction between
the acceptor and donor substrate takes place in a tunnel with
openings at both ends (Supplemental Figure 11D).

The amino acids of NbUGT72AY1 that showed reduced HDX af-
ter the addition of scopoletin, UDP, and combinations of both
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30 40 Figure 2. Amino acid sequence alignment of
0 40 NbUGT72AY1 and StUGT72AY2 from Nico-
O_N-T-40 tiana benthamiana and Solanum tuberosum,

respectively, and HDX results.

The catalytically active H18, activating D118, plant
secondary product glycosyliransferase (PSPG)
consensus sequence position 352-395, and G461/
S462/S463 motif are highlighted by black bars and
arrows; mutations ® N27D, @ IF/VI double mutant,
® chimeric mutant, and @ H/Y mutant are high-
lighted by red bars and arrows. Amino acids of
NbUGT72AY1 that showed reduced hydrogen/
deuterium exchange in HDX experiments in the
presence of scopoletin are framed with blue boxes
(Supplemental Figure S9A).

120

160

®

ll]. F:llIOIO] EE
GE-D-QPIEIPG CIAIQP DDNMD P-DINDQQ-E-
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G-NTIE DIEPETINA-N7E—

ETHMENT CIDG-N THREDEEGE T-A-SNE-Q PG-P

240 were projected onto the predicted 3D struc-
ture of the open conformer of UGT72AY1
(Figure 4). The colors reflect the maximum
amount of HDX regardless of the time
course (Supplemental Figures 9 and 10).
Most of the residues affected in their HDX
by scopoletin (Figure 4A) are localized in the
N-terminal domain and are part of a-helices
(8-29, 83-91, 94-98, 117-121, and 386-399)
that extend into the catalytic center.
Interactions of amino acids with scopoletin
in the active site stabilizes the hydrogen
bonding networks, in particular the intra-
helical hydrogen bonds, which results in sig-
nificant decreases in deuterium incorporation
(Skinner et al., 2012). However, residues 156-
208 are rather remote from the active site and
separated from it by a-helix 4 (Supplemental
Figure 8A; Figure 4A). The effect of UDP on
HDX in NbUGT72AY1 was more pronounced
because the H/D exchange in amino acids
of the N- and C-terminal domains was
reduced (Figure 4B). In addition to amino
acids whose HDX was also affected by
scopoletin (N-terminal domain), numerous
amino acids were affected at positions 243-377, a region
that overlaps with the PSPG box, which is already known to
interact with the donor substrate. Thus, UDP already stabilizes
the hydrogen bonding networks in both domains. After co-
addition of scopoletin and UDP, the effects were additive
(Figure 4C).
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Generation of NbUGT72AY1 and StUGT72AY2 mutants
and their analysis highlight residues involved in
substrate inhibition and promiscuity

To identify amino acids involved in scopoletin substrate in-
hibition and preference in NbUGT72AY1, the protein sequences
of NbUGT72AY1 and StUGT72AY2 were compared in regions
identified by HDX-MS as putatively important for ligand binding,
and reverse mutations were generated when the sequences
differed (Figure 2).

Deuterium incorporation of amino acids 87-97 in
NbUGT72AY1 was strongly affected, but both sequences
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Figure 3. 3D UGT structures showing closed
and open conformers.

(A) Prediction of the 3D structure of NbUGT72AY1
(closed conformer) was performed by the IntFOLD
Integrated Protein Structure and Function Predic-
tion Server (https://www.reading.ac.uk/bioinf/
IntFOLD/) with default values based on 6JTD
(www.rcsb.org). The result was visualized with
UCSF Chimera (https://www.cgl.ucsf.edu/
chimera). N- and C-terminal domains are shown in
purple and blue, respectively. Important amino
acids are marked, and the flexible loop covering the
catalytic site is highlighted in red.

(B) Prediction of the 3D structure of NbUGT72AY1
(open conformer) was performed by the SWISS-
MODEL Server (https://swissmodel.expasy.org)
with default values based on 6SU6 (www.rcsb.org).
(C) Close-up of the superimposition of two putative
open UGT conformers (6SU6 and 6JEL) and two
closed UGT conformers (6JTD and 2VG8). Dis-
tances were measured between the N- and C-ter-
minal domains of 6JTD and 6SU6 (S62.A CB to
E263.ACB in 6JTD: 19.1 A, in comparison to S62.A
CB to E262.A CB in 6SU6: 27.1 A).

(D) Tryptophan/uridine mt-stacking interaction of the
first amino acid of the PSPG box and UDP-Gic. In
the crystal structures of the putative open protein
conformers (6SU6 and 6JEL), W is rotated by 180°
in comparison to the 3D structures of the closed

conformers (6JTD and 2VG8).

root-mean-square NbUGT72AY1  6JTD NbUGT72AY1  6SU6 (E) Calculation of mutual root-mean-square devia-
deviation RMSD [A] closed open tion (RMSD) values using UCSF Chimera.
NbUGT72AY1 0.393 1.105 1.131

closed

6JTD 0.393 1.138 1.124

NbUGT72AY1 open 1.105 1.138 0.179 strates scopoletin and sinapyl aldehyde us-
6SU6 1.131 1.124 0179 ing the UDP-Glo assay (Figure 5).

were identical in this region, except for position 87. Thus,
the double mutants 186V_F87] of NbUGT72AY1 and
V83I_I84F of StUGT72AY2 were generated, as these
residues are within 5 A of the catalytic center (® in
Figure 2; Supplemental Figure 11C) and differ in both
enzymes. In addition, a region from amino acids 156-208
of NbUGT72AY1 showed reduced HDX, and several residues
were different in the corresponding region of StUGT72AY2.
Therefore, this entire sequence part was exchanged, and
chimeric mutant proteins were generated (® in Figure 2).
Scopoletin  binding also affected deuterium incorporation
of amino acids 386-399 located at the C-terminal end of
the PSPG box. In this sequence segment, only the amino
acid H390Y was different, and H390 was predicted to
interact with scopoletin via mw-stacking (Supplemental
Figure 11C); therefore, a single mutant was created (®
in Figure 2). Because preliminary scopoletin docking
experiments had revealed the N-terminal a-helix extending
from amino acids 15-29 as a possible second interaction
site, the polarity and charge of this site was altered
by generating the single mutant N27D for both proteins
(® in Figure 2). The kinetics of the four mutants of
NbUGT72AY1 and StUGT72AY2 were analyzed with the sub-

Comparison of the V,,,.x, Vi, K., and K; values

for scopoletin of the N27D mutant and the
wild-type NbUGT72AY1 showed that the data were virtually
identical. Although the 186 and F87 residues in NbUGT72AY1
are located near the substrate binding site, V,,,.x was unchanged
for 186V_F87I1. However, V; and K; were significantly increased,
resulting in a substantial decrease in substrate inhibition,
similar to the chimeric mutant, in which K,,, and V,,,,, were also
significantly increased and reduced, respectively, leading to
an overall lower enzymatic activity. The elevated K; value of
the 186V_F87] mutant indicates that the two mutant amino
acids are also located near the allosteric site. The catalytic activ-
ity of the H390Y mutant was reduced owing to a significantly
lower V. value, but substrate inhibition (K;) was only slightly
affected.

Interestingly, the cooperativity in the inhibitory mode (Hill coeffi-
cient x) was significantly increased for the chimeric mutant
(Figure 5A). By contrast, the chimeric mutant of StUGT72AY2
showed no enzymatic activity, and the kinetic data of the N27D
mutant of StUGT72AY2 closely resembled those of the wild-
type enzyme.

For the double mutant V83I_I84F, increased V,,.x and V; and a
lower K, value resulted in higher catalytic activity, whereas for

Plant Communications 4, 100506, May 8 2023 © 2022 The Author(s). 7
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Scopoletin

Figure 4. HDX results mapped on NbUGT72AY1.
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AN

) DA
Q)

Differential HDX results obtained after the addition of scopoletin, UDP, and a combination of both to the protein were color-mapped onto the predicted 3D

structure of the open conformer of NbUGT72AY1.

(A) After addition of scopoletin (in sphere display), (B) after addition of UDP, and (C) after addition of scopoletin and UDP.
(D) Scopoletin and UDP-Glc (both in sphere display) are shown in the open conformer of the predicted structure of NbUGT72AY1 (HDX results of UDP/

scopoletin are color-mapped).

(E) Scopoletin and UDP-Gic are buried in the closed conformer of NbUGT72AY1.
(F) Flexible loop (1) is highlighted in the NbUGT72AY1 model (green, closed conformation; red, open conformation; HDX results of scopoletin are color-

mapped). Two additional closing loops are displayed.

the Y389H mutant, V,,ax, Vi, K, and K; values increased along
with the Hill coefficient x, leading to higher enzymatic activity.

LC-MS was used as a second independent measurement
method because it directly quantifies the glucoside product of
enzymatic catalysis. Although in the case of NbUGT72AY1 and
its mutants, the kinetic data obtained by the UDP-Glo assay
were confirmed, for StUGT72AY2 and its mutants, LC-MS re-
vealed lower enzymatic activities for all enzymes in the concen-
tration range of less than 200 uM scopoletin (Supplemental
Figure 12). We therefore hypothesize that the UDP-glucose hy-
drolase side activity of StUGT72AY2 and its mutants is respon-
sible for the higher overall activity in the UDP-Glo assay at low
scopoletin concentrations. However, the general conclusion
from the experiments was not compromised.

When sinapyl aldehyde was used as a substrate for the various
mutant enzymes, the kinetic data differed less than with scopole-
tin. For 186V_F871, substrate inhibition was completely abolished
because V; was greater than V.., and K; and the second Hill co-
efficient were significantly reduced. The enzymatic activity of the
chimeric mutant was decreased owing to a higher K,,, value. As

with scopoletin, the chimeric mutant of StUGT72AY2 was inac-
tive with sinapyl aldehyde, whereas the other mutants, except
for Y389H, showed similar kinetics to their wild-type enzyme.
Y389H exhibited an increased K; value, resulting in higher enzy-
matic activity. Overall, these results highlighted the role of 186-
F87, H390, and the sequence segment F155-D207 in substrate
inhibition of scopoletin in NbUGT72AY1.

Morphing of open and closed NbUGT72AY1 conformers
reveals conformational changes important for catalysis
and substrate inhibition

Major changes in secondary, tertiary, and quaternary structure
are essential for the functions of UGTs (Qasba et al., 2005,
2008). Because we obtained the 3D structures of the open and
closed conformers of NbUGT72AY1 by homology modeling
based on X-ray structures of proteins with sequence identities
of >40%, we performed morphing of both extreme forms. Morph-
ing involves calculation of a series of intermediate, interpolated
structures between the original input structures. The series of
structures can be rendered as a movie (Weiss and Levitt, 2009).
The HDX results for scopoletin/UDP were color-mapped onto
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Figure 5. Kinetic parameters of NbUGT72AY1, StUGT72AY2, and mutant enzymes using scopoletin and sinapyl aldehyde as substrates.
(A) NbUGT72AY1 and its mutants were used to glucosylate scopoletin.
(B) StUGT72AY2 and its mutants were used to glucosylate scopoletin.

(legend continued on next page)
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the 3D morphing structures to visualize structural and dynamic
aspects of NbUGT72AY1 motions. The moving model also
includes the ligands scopoletin and UDP-Gic in the active site
to identify the second scopoletin binding site (Supplemental
Video 1; Figures 4D and 4E). The animation shows that both the
C- and N-terminal domains move toward each other, thus
closing the cleft, which represents the active site between the
two domains. In the animation, all amino acid residues are in
motion, not only the amino acids, which are marked according
to their HDX results. However, two regions (amino acids 87-91
and 346-353, labeled in dark blue, indicating strongly reduced
deuterium incorporation, in the left and right corners of the
active site, respectively) show strong conformational changes
and are covered in the closed conformer. Three loops are
primarily responsible for closure of the catalytic center
(Supplemental Video 2; Figure 4F). A loop of amino acids 305-
325 (right) approaches an opposite loop (amino acids 71-82) in
the N-terminal domain (left), while the third loop (amino acids
410-420) covers the active site from below (Supplemental
Figure 13). Overall, the N-terminal domain (left) undergoes a
much stronger conformational change than the C-terminal part
(right). A closer look at the catalytic center reveals a minimal
distance between the proton acceptor Ne2-His and OH-
scopoletin of 2.0 Ain the open enzyme conformer, whereas the
distance to the accessory D118 (N31-His to COOH-Asp) is
3.7 A (Supplemental Video 3; Figures 6A and 6B). During
closure, D118 approaches H18 to within 3.1 A, and H18
simultaneously rotates and thus moves away from the OH of
scopoletin (to within 3.1 ,&), consistent with the presumed
deprotonation of the hydroxyl group. D118 accepts a proton
on its closest approach to H18 and then distances itself
again, supporting the proton transfer to H18. After the acceptor
substrate anion attacks the donor substrate UDP-Gic (not
shown), the amino acids involved in catalysis return to their posi-
tions in the open UGT conformer.

From the animation, it can be concluded that catalysis already
starts when the catalytic center closes. In addition, F87 and
186 mutated in the double mutant are involved in formation of
the scopoletin binding pocket, which is completed only during
active site closure. They increase the hydrophobicity of the cat-
alytic center, facilitating acceptor substrate incorporation and
catalysis. A feature that distinguishes closed UGT conformers
from open ones is the orientation of the first amino acid Trp of
the PSPG box to the uridine part of the donor substrate
(Figure 3; Supplemental Video 4; Figure 6C and 6D). The
animation reveals the approximate 180° rotation of W350
during active site closure, resulting in formation of a =w-w
stacking interaction of the phenyl and uracil rings (Harrus
et al., 2018). In addition to the motions of H18, 186, and F87,
the animation also shows the rotation of H390, an amino acid
that was mutated because HDX results and comparative
biochemical assays suggested that it might be involved in
catalysis and substrate inhibition. H390 is located near the
donor and acceptor substrate, 186, and the loop (amino acids
306-325) that covers the active site.

Subfunctionalization of a Monolignol Glucosyltransferase

In search of the allosteric binding site, we took a closer look at the
vicinity of F87 and 186 because the substrate inhibition of
NbUGT72AY1 was significantly reduced in the double mutant
(Supplemental Video 5; Figures 6E and 6F). R91, located at the
same o-helix as F87, undergoes a dramatic conformational
change during transition from the open to the closed conformer
and eventually forms a cation-= interaction with F87 and F120
(Flocco and Mowbray, 1994; Gallivan and Dougherty, 1999;
Steiner and Koellner, 2001). The dislocation opens a new
binding site in the closed NbUGT72AY1 conformer, allowing
attachment of a second scopoletin molecule (Supplemental
Video 6; Figure 6G-6l). Formation of the allosteric binding site
upon binding of scopoletin in the catalytic center is consistent
with the uncompetitive substrate inhibition model (Scheme 1).

To confirm the detection of the allosteric site experimentally, we
generated three R91 mutants, R91A, R91F, and R91M. Because
A91 cannot block the allosteric site and F91, similar to R91, can
form 7-interactions with F87, we expected that only M91 would
reduce substrate inhibition in comparison with the wild-type
enzyme. The results showed that the mutants had similar V., and
K., values, and therefore the catalytic efficiency of the mutants was
not affected, whereas the V; and in particular the K; data differed
(Supplemental Figures 14A and 14B). Overall, R91M exhibited
reduced substrate inhibition, as V; (13.1 + 6.1 nmol/min/mg) and
K; (27.3 + 4.2 uM) exceeded those of the wild-type enzyme (R91;
4.4 + 2.3 nmol/min/mg and 10.7 + 2.2 uM, respectively). R91A
and R91F showed significantly stronger inhibition by scopoletin
than the wild-type enzyme, reflected in lower K; values
(8.3 £ 0.7 uM and 0.9 + 0.3 uM, respectively). After molecular
docking of scopoletin in the putative allosteric site, the binding
energies AG were used to calculate equilibrium constants Kp
(Supplemental Figures 14C-14G). The Kp values determined
in silico were considerably higher than the experimentally
determined K; values, but the ranking of the values was identical
(R91F < R91A < R91 < R91M). Finally, we generated the single
186V and F871 mutants of NbUGT72AY1 and determined their
kinetic parameters (Supplemental Figures 15A and 15B).
Whereas 186V showed similar data to the wild-type enzyme, F87I
exhibited lower substrate inhibition, similar to the double mutant
186V_F87I1. Thus, only F87 is involved in formation of the second
scopoletin binding site.

Subdivision of the chimeric mutants narrowed down the
amino acids responsible for substrate inhibition

Because both chimeric mutants each contain 53 amino acids
of the homologous UGT, we generated additional mutants
to identify amino acid sequences that cause substrate inhibi-
tion in NbUGT72AY1. The newly produced mutants each
carried only one half of the 53-amino-acid chimera sequence
(Supplemental Figure 16C). Enzyme assays revealed that
NbUGT72AY1-chimera A, carrying 1152-N188 of StUGT72AY2,
exhibited significantly reduced substrate inhibition kinetics,
whereas the reverse mutant StUGT72AY2-chimera A showed
atypical Michaelis—-Menten kinetics in contrast to StUGT72AY2

(C) NbUGT72AY1 and its mutants were used to glucosylate sinapyl aldehyde.
(D) StUGT72AY2 and its mutants were used to glucosylate sinapyl aldehyde. Experimental data were obtained by UDP-Glo glycosyltransferase assay
and fitted to the partial uncompetitive inhibition model (Equation 4). The amino acid sequence information of the mutants is shown in Figure 2. Data

represent mean + SD of n = 3 technical replicates.
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Figure 6. Visualization of conformational differences in the open and closed conformer of NobUGT72AY1.
(A) Distance of Ne2-His to OH-scopoletin, N31-His to COOH-Asp, and OH-scopoletin to C1-UDP-Gic in the ternary complex (NoUGT72AY1escopoletine
UDP-Gic); HDX results with scopoletin/UDP are color-mapped, and the open conformer is shown.
(B) Same as in (A), but the closed conformer is shown.
(legend continued on next page)
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and StUGT72AY2-chimera B. The reduction in substrate
inhibition resulted in significantly increased V; and K; values in
NbUGT72AY1-chimera A. The kinetics of StUGT72AY2 and its
chimera B mutant can best be described by the Michaelis—
Menten equation (Equation 1) but also by Equation 4 if Vo =
Vi, K, = K, and n = x = 1 are assumed. None of the amino
acids that differ in the chimera A sequence in NbUGT72AY1
and StUGT72AY2 are components of the catalytic or postulated
allosteric site (Supplemental Figure 16D). Because the different
mutants examined in the present study could not completely
reverse the substrate inhibition kinetics of the enzymes from
tobacco and potato in each other, more than one amino acid
exchange must be responsible.

DISCUSSION

UGTs represent a superfamily of enzymes found in all kingdoms
of life. They comprise several groups and subgroups owing to the
large number of acceptor substrates (Bowles et al., 2006). N.
benthamiana transcribes about 290 UGTs (https://sefapps02.
qut.edu.au/atlas/benthgenereturn6.php), some of which were
recently characterized (Sun et al., 2019, 2020). Among them,
one translated enzyme (NbUGT72AY1) stood out because it
exhibited strong substrate inhibition with several substrates
(Figure 1).

UGT72 enzymes are probably involved in lignin
biosynthesis

NbUGT72AY1 is a homolog of AT5G66690.1 from Arabidopsis
(AtUGT72E2), an enzyme shown to be involved in lignin meta-
bolism (Baldacci-Cresp et al., 2020). AtUGT72E2 glucosylates
sinapyl and coniferyl aldehydes as well as their corresponding al-
cohols. A knockdown mutant line (72E2KD) produced by RNAi
silencing showed a two-fold reduction in coniferyl alcohol
4-O-glucoside and sinapyl alcohol 4-O-glucoside compared
with the wild type (Lanot et al.,, 2006, 2008). Similarly,
NbUGT72AY1 and its ortholog from potato, StUGT72AY2,
transfer glucose to monolignols, preferring coniferyl and
sinapyl derivatives (Figure 1A), and their products were
identified as 4-O-glucosides (Supplemental Figure 2). Because
of their high sequence identity, the two enzymes have been
assigned consecutive numbers by the UGT Nomenclature
Committee  (https://prime.vetmed.wsu.edu/resources/udp-
glucuronsyltransferase-homepage). They are also likely to be
involved in lignin biosynthesis because their sequences are
highly similar to those of monolignol UGTs (Speeckaert et al.,
2020, 2022) and they efficiently glucosylate phenylpropanoids
in vitro (Figure 1). They are constitutively expressed in the stem
(Supplemental Figure 1), and the potato enzyme interacts with
nine peroxidases that are thought to be required for lignin

Subfunctionalization of a Monolignol Glucosyltransferase

formation  (https://string-db.org/network/4113.PGSC0003DMT
400011466). However, UGT72 members are promiscuous and
also glycosylate flavonoids and other phenolics (Speeckaert
et al., 2022).

Identification of open and closed protein conformers
enabled the observation of enzyme dynamics by
morphing

Because of the high substrate similarity of NbUGT72AY1 and
StUGT72AY2 but their drastically different enzyme kinetics
toward scopoletin, HDX analyses in combination with mutation
studies appeared to be a promising approach for elucidating
the molecular mechanism of substrate inhibition. GT1 family
members catalyze the reaction by a compulsory ordered bi-bi
mechanism in which UDP-sugar is the first binding substrate
(Luukkanen et al., 2005; Hashimoto et al., 2010; Liang et al.,
2015). However, similar to (Albesa-Jové et al., 2017), our
HDX results demonstrated that acceptor substrate binding
is possible in the absence of UDP/UDP-Glc (Figure 4A;
Supplemental Figure 9A). NbUGT72AY1 was found to have
more than 40% sequence identity with four crystallized
UGTs whose 3D structures have already been elucidated
(Supplemental Figure 5). Interestingly, two structures (6SU6 and
6JEL) represented UGTs with an open catalytic site, whereas
the other two structures (6JTD and 2VG8) showed closed
conformers. These templates provided a unique opportunity to
model both conformer states of NbUGT72AY1 and visualize the
dynamics of enzyme catalysis by morphing (Supplemental
Videos 1 and 2; Figure 4).

Conformational changes and enzyme catalysis

Conformational changes of UGTs during catalysis have been re-
ported for GT-A enzymes, including the human beta-1,4-
galactosyltransferase (B4GalT1) (Harrus et al., 2018) and the
glucosyl-3-phosphoglycerate synthase (GpgS) from Mycobacte-
rium tuberculosis (Albesa-Jové et al., 2017). These proteins
contain short dynamic loops inserted between two Rossmann
fold domains, which undergo an open-to-closed motion essential
for acceptor and donor substrate recognition and assembly of the
reaction center. A limited number of GT-B-folded UGT structures
show that these enzymes often exhibit global domain motion
upon substrate binding and differ in the type and extent of move-
ment (Chang et al., 2011). It was hypothesized that this open-to-
closed conformational transition brings acceptor and donor
substrate into close proximity and is accompanied by multiple
loop displacements (Bolam et al., 2007). We observed that the
distance between the catalytically active His and C1 of the
acceptor substrate scopoletin is smaller in the open enzyme
conformer (2.0 ,&) than in the closed form (3.1 A; Supplemental
Video 3; Figures 6A and 6B). This indicates that deprotonation

(C) UDP-Gic binding pocket, showing the rotation of Trp350; HDX results with scopoletin/UDP are color-mapped, and the open conformer is shown.

(D) Same as in (C), but the closed conformer is shown.

(E) Putative allosteric binding site formed after rotation of Arg91; HDX results with scopoletin/HDX are color-mapped, and the open conformer is shown.

(F) Same as in (E), but the closed conformer is shown.

(G) Surface presentation of the open conformation of NbUGT72AY1; HDX results with scopoletin/UDP are color-mapped. Red circle shows the putative

allosteric site, which is closed in the open conformer.

(H) Surface presentation of the closed conformation of NbUGT72AY1. The new binding site is marked by a red circle.
(I) Same as in (H), with scopoletin bound in the putative allosteric binding site.

(J) Phe120 is located between the catalytic and allosteric sites.
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and therefore enzyme catalysis already starts with the motion of
the loop, which is suggested by distance measurements between
Ne2-His and C1 of UDP-Gilc in the structures 6SU6 (open), 2ACW
(closed), and 6LFZ (closed) of 4.6, 5.5, and 5.6 A, respectively.

Particularly striking in the transition from open to closed form is
the movement of a loop (amino acids 305-325; Supplemental
Figure 13) toward the active center (Supplemental Videos 1 and
2, Figure 4F). Consequently, water is likely to be displaced from
the active site, leading to the conclusion that the two small
openings that can be identified in the closed enzyme conformer
(Supplemental Figure 11D) are not substrate entry ports but
probably drainage channels (Breton et al., 2006). Amino acids
located at the two apertures could affect the efflux of water
from the active site and thus control the inherent UDP-Gic hydro-
lase activity of UGTs (Sheikh et al., 2017). The closing loop, albeit
of varying length, is present in various already crystallized GT-B-
fold UGTs from plants (Supplemental Figure 5) and should
behave similarly in them, as shown for flexible structures in
GT-A-fold enzymes (Chang et al., 2011). In structures that do
not contain this loop, alternative loops can be found at other
positions, which presumably have a similar function.

When comparing the open and closed NbUGT72AY1 structural
models, the position of the first amino acid of the PSPG box
W350, which participates in fixation of the donor substrate by
77 interaction with the uracil group, is apparent (Supplemental
Video 4; Figures 6C and 6D). This arrangement, together with
the position of the loop (amino acids 305-325), can be used to
distinguish open and closed GT-B folded UGTs based on their
crystal structure. The Trp rotation could guide the donor sub-
strate into the active site, but rotation could also be triggered
only by the incorporation of the donor substrate into the active
site, and/or the back rotation of W350 could facilitate the export
of the reaction product UDP (Harrus et al., 2018).

An amino acid that affects mainly catalytic activity, but to a lesser
extent substrate inhibition, of NbUGT72AY1 is H390. It moves
during the transition from the open to the closed form
(Supplemental Video 4) and interacts with the phosphate group
adjacent to glucose in UDP-Gilc, F87 in the active site, and the
flexible loop (amino acids 303-325). Mutation to Tyr, as in the
enzyme from potato, decreases catalytic activity by decreasing
Vmax (75.5 versus 264.3 nmol/min/mg) and increasing K; (36.2
versus 4.5 uM), explainable by reduced stabilization of the donor
substrate and altered enzyme dynamics due to interaction with
amino acids of the flexible loop (S315 and A316).

Identification of the second binding site

It has been proposed that two substrate binding sites and the
formation of a dead-end ternary complex might contribute to
substrate inhibition in the glycosylation reaction (Wu, 2011;
Dong and Wu, 2012). Our results indicate two dependent
substrate binding sites: after binding of scopoletin in the active
site, conformational changes in which R91 plays an important
role result in formation of a second allosteric binding site
(Figures 6E and 6F). The conformational change is promoted
by the formation of two cation-m interactions, structures
commonly found in 3D protein structures (Supplemental Videos
5 and 6) (Flocco and Mowbray, 1994; Gallivan and Dougherty,
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1999; Steiner and Koellner, 2001). This mechanism is
consistent with the partial uncompetitive inhibition model used
for calculating the kinetic parameters (Scheme 1) (Peng et al.,
2016). The importance of R91 as a key amino acid for substrate
inhibition has been clearly demonstrated by mutational studies
(Supplemental Figure 14). Therefore, our study provides new
insights into the dynamics of the UGT catalytic mechanism and
the conformational changes that lead to substrate inhibition.
The arrangement of the three V-shaped helices enclosing the
allosteric center in NbUGT72AY1 is evident in 3D structures
of GT-B-folded UGTs (Supplemental Figure 17). Because
substrate inhibition is observed in numerous plant (Peng et al.,
2016) and human UGTs (Wu, 2011), it can be assumed that this
conserved spatial structure is also used as an allosteric center
in other UGTs. The allosteric binding site is formed by R91
spatially approaching and forming a m-stacking interaction
with F87 during the transition from the open to the closed
conformation. Biochemical analysis of the single mutants 186V
and F871 confirmed this hypothesis (Supplemental Figure 15). In
StUGT72AY1, F87 is replaced by 184, which is not able to make
this kind of interaction with R91 (Figure 2; Supplemental
Figure 18).

Our studies show that the allosteric site is presumably located in
close proximity to the catalytic center so that, for example,
Phe120 is within 5 A of both binding sites (Figure 6J). This
means that mutations to reduce substrate inhibition will
inevitably have an effect on catalytic activity, as has been
shown for UGTs and other enzymes (Barnett et al., 2004; Miller
et al., 2008; Chen et al., 2014). In our study, based on structural
information and structure-activity experiments, we identified a
position that exclusively affects substrate inhibition.

Chimeric mutants and sinapyl aldehyde glucosylation

All four parameters, V,,.x, Vi, Km, and K;, were severely altered in
the chimeric mutant of NbUGT72AY1, providing the explanation
for its decreased substrate inhibition and reduced catalytic effi-
ciency (Figure 5A). Because the amino acids exchanged in the
chimeric mutant are not located directly in the catalytic and
allosteric centers, we assume that the dynamics of protein
conformational change during catalysis are altered in this
mutant, e.g., by changing the quaternary structure. The high
Hill coefficient for the inhibited reaction, which is only observed
in the chimeric mutant of NbUGT72AY1, hints at changes in
quaternary structure (Figure 5A). In this regard, there are
multiple examples in which UGTs adopt a quaternary structure,
e.g., by homodimerization (Liu et al., 2016; Wang et al., 2020),
and in which substrate specificities, reaction rates, and
types of reaction products are influenced by oligomerization
(Fujiwara et al., 2016; Smith et al., 2020). The number and/or
oligomerization positions of protomers may have been altered
by the mutation. The chimeric mutant of StUGT72AY2, on the
other hand, was enzymatically inactive, potentially because of
similar alterations in oligomerization (Figure 5B).

Additional mutants that split the chimera mutant into two
parts were generated and analyzed. NbUGT72AY1-chimera A
showed significantly reduced substrate inhibition, whereas the
reciprocal StUGT72AY2-chimera A was inhibited by scopoletin
(Supplemental Figure 16). This result indicates that amino acids
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F155-S191 contribute to substrate inhibition in NbUGT72AY1 in
addition to F87.

Overall, scopoletin substrate inhibition was not completely abol-
ished by the generated mutants. The strongest effects on sub-
strate inhibition were observed with the double and especially
the chimera/chimera A mutants of the tobacco enzyme, as evi-
denced by their increased V; values. The postulated allosteric
site of NbUGT72AY1 differs from the corresponding site in
StUGT72AY2 by 87Phe and amino acids in the C-terminal
sequence of the chimera (Glu196, Val199, Gly202, Lys203, and
Asp207) (Figure 2). However, the side chains of the latter amino
acids are located outside the putative allosteric site, and
the reciprocal chimera potato mutant was inactive, whereas
the double mutant exhibited apparently enhanced substrate
inhibition due to increased V.« and lower K, values. These
results illustrate that no single amino acid alone is responsible
for substrate inhibition, which instead arises from the interplay
of different amino acid residues that influence the dynamics of
protein movement and interaction with additional substrate
molecules. The different mutations could contribute additively
or synergistically to substrate inhibition.

The mutants of the two UGTs did not exhibit strong changes
in kinetic data for the monolignol sinapyl aldehyde, which
showed little substrate inhibition of the two wild-type enzymes
(Figures 5C and 5D). However, results obtained with the
I186V_F87I mutant of NbUGT72AY1 and the chimeric mutant of
StUGT72AY2 using sinapyl aldehyde as a substrate confirmed
the importance of the mutant amino acids for catalytic reaction
and allosteric control.

Subfunctionalization of NbUGT72AY1

Evolutionary innovations arise from gene duplications whereby
the copies undergo different fates during evolution. First, one
copy can retain the original function so that the other copy is freed
from purifying selection and can be altered by mutations that
create a new function for the gene (neofunctionalization). Second,
if the original gene had multiple activities, duplication can result in
the different functions being shared, and sometimes optimized,
among the different copies (subfunctionalization). Third, the
two copies may retain the same function, resulting in redundancy
and/or increased activity of the gene (gene dosage) (Voordeckers
and Verstrepen, 2015).

NbUGT72AY1 likely arose from a promiscuous monolignol UGT
and probably optimized some of its additional activities (subfunc-
tionalization) (Glasner et al., 2020), as this enzyme can also
effectively glucosylate coumarin derivatives, although it exhibits
strong substrate inhibition for these substrates (Figure 1). Both
the double mutant V83I_I84F and the single mutant Y389H of
StUGT72AY2 (monolignol UGT) had significantly increased sco-
poletin glycosylation activity, but both modifications also led to
substrate inhibition (Figure 5B). By contrast, monolignol UGT
activity of StUGT72AY2 was almost unaffected (Figure 5D). The
NbUGT72AY1/StUGT72AY2 example shows that minor changes
in amino acid sequences can increase the catalytic activity of a
substrate without compromising existing functions. Subfunction-
alization in the case of NbUGT72AY1 results in a multifunctional
enzyme with altered substrate preference, activity, and kinetics
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from a promiscuous UGT that can be shared by lignin and scopo-
letin metabolism. This result supports the hypothesis that the
enzymes of natural product biosynthesis are trapped in the
generalist state (Noda-Garcia and Tawfik, 2020).

One hundred NbUGT72AY1-like protein sequences were ex-
tracted from Solanaceae databases using BLAST. After manual
editing based on sequence lengths, gaps, and insertions, 62
sequences were aligned, and a phylogenetic tree was generated
with Ipomoea sequences as outgroups (Supplemental Figures 19
and 20; Figure 7). The sequences grouped into four classes: the
Ipomoea outgroup and three other classes that sub-clustered
into Nicotiana, Solanum, Datura, and Capsicum sub-groups.
NbUGT72AY1 (class 2) and the most similar UGTs from other
Nicotiana species, including a sequence from Datura stramonium
(class 2), have Phe exclusively at position 87 (position 91 in the
consensus sequence), the variant that has the highest scopoletin
UGT activity. The related UGTs from Solanum (class 2) and Ipo-
moea species (class 1) have Phe, Val, lle, and Leu at this position,
whereas proteins from classes 3 and 4, including other Nicotiana
species, do not show Phe at position 87 (91 in the consensus
sequence). Phe87 thus appears to have been fixed in
NbUGT72AY1 and its closest relatives by selection pressure dur-
ing evolution and arose from a precursor that probably contained
a different amino acid at this position, as indicated by the vari-
ability of the amino acid in related sequences. We assume that af-
ter duplication of a promiscuous precursor gene, one gene copy
could mutate owing to lack of selection pressure, resulting in
different enzyme variants with altered substrate preference, ac-
tivity, and kinetics (substrate inhibition). Because of the need to
effectively glucosylate scopoletin, the Phe variant could then
have been positively selected in Nicotiana species. The large
number of NbUGT72AY1-like sequences in Nicotiana species
corroborates this hypothesis (Figure 7). Similarly, the His390
mutation may have been co-fixed (position 406 in the consensus
sequence) with Phe87 (Figure 7). Moreover, the promiscuity
of secondary metabolism UGTs argues against the mechanism
of neofunctionalization. It is therefore very likely that the
precursor exhibited substrate tolerance, whereas the diversity
of similar but not functionally identical UGTs contradicts
the gene dosage mechanism. Co-expression analysis of the
NbUGT72AY1 ortholog in an N. attenuata transcriptome data-
base revealed a feruloyl ortho-hydroxylase-1-like gene as
the most similarly expressed (Supplemental Figure 21). The
encoded enzyme catalyzes the first reaction of the scopoletin
biosynthetic pathway (Kai et al.,, 2008) and confirms the
involvement of NbUGT72AY1 in the formation of scopoletin
glucoside.

Tobacco plants produce the antifungal phytoalexin scopoletin in
response to pathogen attack (Sun et al., 2014), and glycosylation
appears to confer a selective advantage on N. benthamiana, as
it probably protects the plant from the phytotoxin (Grana
et al., 2017). Overexpression of a different scopoletin UGT in
N. tabacum (TOGT; UGT73 homolog) resulted in early lesion
formation during the hypersensitive response to tobacco
mosaic virus but had no effect on virus resistance (Gachon
et al,, 2004). In a similar study, transgenic tobacco plants
overexpressing TOGT showed similar formation of necrotic leaf
lesions after inoculation with potato virus Y but significantly
decreased levels of virus coat protein compared with control
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Figure 7. Phylogenetic analysis of the closest homologs of NbUGT72AY1.
The tree shows the plant species from which NbUGT72A1-like protein sequences were extracted by BLAST (blast.ncbi.nlm.nih.gov/Blast.cgi). Regions of
the amino acid sequence alignment are shown, with the positions of the mutated amino acids indicated by black arrows. Accession numbers are included

in the supplementary information (Supplemental Figure 20).

plants (Matros and Mock, 2004). These controversial results may
have been obtained because tobacco plants express multiple
UGTs that glucosylate hydroxycoumarins (Sun et al., 2019).
Control mechanisms of the redundant UGT activities could
have had different effects in the respective experiments.

Possible biological function of substrate inhibition

Enzymes of many classes are inhibited by their own substrates
(Wu, 2011). Substrate inhibition has often been regarded as a
biochemical curiosity and an experimental annoyance; this has

Plant Communications 4, 100506, May 8 2023 © 2022 The Author(s).

changed, and substrate inhibition is now believed to have an
important biological function (Reed et al., 2010). Scopoletin
exhibits strong antifungal activity against Alternaria alternata,
a necrotrophic fungus that causes severe yield losses in
Nicotiana species in vitro and in vivo (Sun et al., 2014). The
phenolic compound accumulates in large quantities during the
hypersensitive response to plant pathogens, together with its
glucoside (Gachon et al., 2004), but it is phytotoxic (Grana
et al., 2017). Therefore, it is conceivable that at low scopoletin
concentrations, neighboring plant cells protect themselves
against the phytoalexin by glucosylation, whereas at higher
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pathogen infestations and scopoletin concentrations, it is more
advantageous for the plants that the cells die and thus form
a barrier against the invader. The role of the tobacco
glucosyltransferase TOGT that catalyzes the glucosylation of
scopoletin has been studied by both loss- and gain-of-function
approaches (Chong et al., 2002; Gachon et al., 2004; Matros
and Mock, 2004). Although the results were not consistent,
it appears that TOGT activity represents an important step in
the containment of viral pathogens. Similarly, leaf necrosis was
recently shown to result from downregulation of the poplar
glycosyltransferase UGT72A2 (Behr et al., 2022).

Although scopoletin levels ranging from 0.07 ng/g fresh weight
(FW) to 139 pg/g FW have been quantified in several plant species
(Gnonlonfin et al., 2012), healthy, uninfected Nicotiana leaves
contain only 7.3 ng/g FW of hydroxycoumarin (GroBkinsky et al.,
2013). However, in tobacco plants, tissues exhibiting localized
acquired resistance (LAR) induced by tobacco mosaic virus or
an elicitor accumulate 20-40 pg/g FW scopoletin (Costet et al.,
2002; Ménard et al., 2004). From this, conservative estimation
yields a concentration of 30 nM scopoletin in uninfected tobacco
leaves and 100-200 puM in LAR leaves, suggesting that substrate
inhibition of NbUGT72AY1 is relevant in the natural context.

Although NbUGT72AY1 and StUGT72AY2 glucosylate monoli-
gnols with similar effectiveness, they show very different activities
and kinetics when converting scopoletin and other low molecular
weight phenols (Figure 1). NbUGT72AY1 shows significantly
higher turnover rates at very low hydroxycoumarin concentra-
tions but behaves similarly to StUGT72AY2 at high scopoletin
concentrations. The monolignol StUGT72AY2 exhibits little side
activity for scopoletin, whereas NbUGT72AY1 has been addition-
ally adapted to hydroxycoumarin by mutations. The effective
detoxification of low levels of scopoletin appears to confer a se-
lective advantage to tobacco plants in this regard because sco-
poletin not only possesses antifungal, antiviral, and cytotoxic
properties but also behaves in an auxin-like manner (Grana
et al.,, 2017). Finally, with the evolutionary acquisition of the
allosteric property, the ability to regulate enzyme activity is also
acquired (LiCata and Allewell, 1997; Cornish-Bowden, 2014).

MATERIALS AND METHODS

Cloning of UGT72AY1 and UGT72AY2 and production of the
mutant proteins

Cloning of NbUGT72AY1 from Nicotiana benthamiana (accession
MT945401) and production of the NbUGT72AY1 protein was performed
according to Sun et al. (2019). Genewiz, Leipzig, Germany (www.
genewiz.com) synthesized StUGT72AY2 (PGSC0003DMG401004500).
The gene was ligated via Bglll at the 5 end and the Xhol site at the 3’
end into the pGEX-4T-1 vector. NbUGT72AY1-186V_F87I, -H390Y,
-N27D, -R91A, -R91M, -R91F, -I86V, and -F87] and StUGT72AY2-
V83I_I84F, -N27D, and -Y389H were generated by site-directed mutagen-
esis following the QuickChange protocol (Agilent Technology, Santa Clara,
CA). The temperature program was 3 min at 94°C, one cycle; 30 s at
94°C, 30 s at 65°C, 8 min at 72°C, 30 cycles; 10 min at 72°C, one cycle;
and a final temperature of 4°C, using appropriate primers (Supplemental
Table 3). After Dpn | digestion of templates, the PCR products were
transformed into E. coli NEB 10 beta, followed by colony PCR and
sequence confirmation. Cloning of NbUGT72AY1-chimera (Tobacco-
Potato-Tobacco) and StUGT72AY2-chimera (Potato-Tobacco-Potato)
involved six steps. First, the target amino acids were divided into three
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parts using the following PCR program and primers shown in
Supplemental Table 1: 3 min at 94°C, one cycle; 30 s at 94°C, 40 s at
60°C, 1.5 min at 72°C, 40 cycles; 10 min at 72°C, one cycle; and a final
temperature of 4°C. Then, the first part and the final part were separately
joined to the middle part using the same program to obtain two longer
fragments. Finally, the two longer fragments were used as templates to
generate the target fragments. After gel extraction and Vector PGEX-4T1
DNA digestion, ligation was performed according to (Sun et al., 2020).

Protein production

Protein expression was performed using E. coli BL21(DE3) pLysS cells
transformed with pGEX-4T-1 UGT72AY1, pGEX-4T-1 UGT72AY2, or their
corresponding mutants. After pre-culturing overnight at 37°C and 150 rpm
in Luria-Bertani medium containing 100 ung/mL ampicillin and 34 pg/mL
chloramphenicol, 10 mL of the pre-culture was added to 1 L of the main
culture containing the corresponding antibiotics and incubated at 37°C
and 120 rpm until OD600 reached 1 in a chicane flask. For UGT72AY2
and its mutants, the cells were cultured in a 5-L fermenter at
600 rpm and pH 7.0. Gene expression was induced with 1 mM isopro-
pyl-B-D-thiogalactopyranoside, and cultures were incubated overnight
at 18°C and 150 rpm. Cells were harvested via centrifugation and stored
at —80°C. Recombinant fusion proteins with an N-terminal GST tag
were purified with Novagen GST Bind Resin following the manufacturer’s
instructions. After resuspension, the cells were disrupted by sonication.
After centrifugation, the crude protein extract was incubated overnight
at 4°C with the resin to bind the GST fusion protein and eluted with GST
elution buffer containing reduced glutathione. The quality of the purified
proteins was verified by SDS-PAGE (Supplemental Figure 22), and the
protein concentration was determined with Roti-Nanoquant (Carl Roth,
Karlsruhe, Germany) in 96-well microtiter plates according to the manu-
facturer’s instructions. Absorption was measured at 450 nm and 590 nm
using a CLARIOstar plate reader (BMG Labtech, Germany).

UDP-Glo glycosyltransferase assay

The enzymatic reaction was performed according to (Sun et al., 2019) with
minor modifications and quantified by the UDP-Glo Glycosyltransferase
Assay (Promega, Mannheim, Germany). Assays with NboUGT72AY1 and
its mutants were performed at 40°C for 10 min in 50 mM Tris-HCI
(PH 7.5) containing 100 uM UDP-glucose, substrate (dissolved in
DMSO), and 0.5 pug purified protein, made up to 100 pL with water. The as-
says with StUGT72AY2 and its mutants were performed at 30°C for 20 min
in 50 mM Tris-HCI (pH 7.0) containing 100 uM UDP-glucose, substrate
(dissolved in DMSO), and 2 ng purified protein, made up to 100 pL with
water. Controls did not contain the enzyme. The reaction was stopped
by addition of 12.5 uL 0.6 M HCl and further neutralization with 1 M Trizma
base. Five microliters of the UGT reaction was pipetted into a 384-well
plate. The luminescence reaction was started by adding 5 uL UDP-
Glo detection reagent and incubated for 30 min in the dark. The lumines-
cence signal was detected with a CLARIOstar plate reader (McGraphery
and Schwab, 2020). The calculation of kinetic data was performed with
KaleidaGraph (https://www.synergy.com/; v4.5.4). The pH optima of
NbUGT72AY1 and StUGT72AY2 were determined using different protein
amounts from 0.5 ug to 4 pug and different buffers for various pH ranges:
50 mM sodium phosphate (pH 6-8) and 50 mM Tris-HCI (pH 6-8.5) in
0.5-unit intervals. The optimal temperature was evaluated from 15 to
45°C. The optimal time was measured from 5 min to 30 min.

Enzyme kinetics analysis
Normal kinetics data were fitted to the Michaelis-Menten equation
(Equation 1).

VWinax * I%

vV = .8 (Equation 1)

Km
In this equation, [S] is the concentration of the varied substrate, V. rep-
resents the maximal reaction rate, and K,,, is the substrate concentration
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at which the reaction rate is half of V,,,.«. An enzyme is under allosteric con-
trol if the binding of a molecule at one binding site alters the affinity of the
enzyme for its substrate and thus regulates the enzyme activity. In this
case, the Hill equation applies (Equation 2).
Vinax * f—,],n
v=—3" (Equation 2)
1+50
Kn
Here, n is the Hill coefficient indicating the degree of cooperativity. Posi-
tive cooperativity (n > 1) occurs when an enzyme has more than one
site to which a substrate can bind, and the binding of one molecule in-
creases the rate of binding of other substrates. No or negative cooperativ-
ity is observed if n = 1 or n < 1, respectively. A partial uncompetitive
inhibition model (Equation 3) was used to analyze atypical Michaelis—
Menten substrate inhibition data (Wu, 2011).
S] - [SIxIS]
v = M (Equation 3)

S| S]#[S]
B

Here, a two-site model is assumed to explain the substrate inhibition
phenomenon (Scheme 1; n = x = 1). The parameter V; is the reaction
velocity in the presence of inhibition, K; is the inhibition constant, which
is the inhibitor concentration required to decrease the maximal rate of
the reaction to half of the uninhibited value. The equation presumes the
sequential binding of substrate molecules, i.e., the inhibitory site cannot
be occupied until the reaction site is filled. Combining the cooperativity-
describing Hill equation and the partial uncompetitive inhibition model
yields Equation 4, which best described the measured data (LiCata and
Allewell, 1997; Kapelyukh et al., 2008; Peng et al., 2016).

[SI"4(S]*
K7+KY
[S"+[S1*
K +KY

Vimax * [i—l,n +Vi*
- (Equation 4)

1+[,f—l"+

The superscript n is a Hill coefficient, and x is another Hill coefficient that
allows for the possibility that binding of substrate in the inhibitory mode
may also be cooperative (Peng et al., 2016). To obtain convergence for
Equation 4, the value of x was fixed to an integral number that was
determined empirically to give the best fit (lowest variance). The general
reaction scheme for Equation 4 looks as follows (LiCata and Allewell,
1997).

The maximal reaction rates V., and V; correspond to the catalytic con-
stants kcar and Kcay, respectively. The kinetic parameters were deter-
mined under optimum conditions and were calculated with KaleidaGraph
v4.5.4. The data were derived from at least three repeats. Statistical anal-
ysis was performed using Student’s t test (p < 0.05).

LC-MS analysis

For the initial substrate screening, the UGT reaction was performed in a
final volume of 100 uL 100 mM Tris-HCI buffer (pH 7.5) containing 5 pg
of purified recombinant protein, 1 mM UDP-Gic, and 600 uM substrate
dissolved in DMSO. The reaction was incubated at 30°C with constant
shaking at 400 rpm overnight. The enzymatic reaction was stopped by
heat inactivation for 10 min at 95°C. After centrifugation, the supernatant
was analyzed via LC-MS analysis performed according to (Huang et al.,
2018). Products were identified using authentic reference materials
(Supplemental Table 4 and Supplemental Figure 2).

HDX-MS

Ligands were used as 50-mM concentrated stock solutions dissolved in
DMSO (scopoletin) or double-distilled water (UDP). Prior to HDX-MS,
194 ulL of purified NbUGT72AY1 was mixed with 2 uL of ligand stock so-
lution or solvent to reach final concentrations of 35 uM (NbUGT72AY1)
and 500 pM (ligands), then incubated for 5 min at ambient temperature.
Preparation of exchange reactions for HDX-MS was aided by a two-arm
robotic autosampler (LEAP Technologies). The protein solution (7.5 L)
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was mixed with 67.5 pL of D,O-containing buffer (20 mM Tris-Cl [pH
7.5], 2% [v/v] DMSO), which also contained 500 uM of ligands to prevent
their dilution during HDX, and incubated for 10/30/95/1000/10 000 s at
25°C. The completed HDX reactions were added to 55 puL quench solution
(400 mM KH,PO,4/H3PO,4, 2 M guanidine-HCI, pH 2.2) kept at 1°C, and
95 pL of the resulting mixture was injected into an ACQUITY UPLC
M-class system with HDX technology (Waters) (Wales et al., 2008).
NbUGT72AY1 was digested online with a column (2 mm x 2 cm) packed
with immobilized porcine pepsin and separated by reversed-phase HPLC
followed by mass spectrometric analysis as described previously (Osorio-
Valeriano et al., 2019; Skotnicka et al., 2020). Peptides were identified
from the undeuterated samples with ProteinLynx Global Server (Waters)
software as described previously (Osorio-Valeriano et al., 2019). For
quantification of deuterium incorporation with DynamX 3.0 (Waters),
peptides had to fulfill the following criteria: minimum intensity of 5000
counts; maximum length of 30 amino acids; minimum number of
products of three; maximum mass error of 25 ppm; and retention time
tolerance of 0.5 min. After automated data processing with DynamX 3.0,
the mass spectra were manually inspected and, if necessary, peptides
were omitted, e.g., in the case of low signal-to-noise ratio or presence
of overlapping peptides. Raw HDX-MS data are supplied in the supple-
mental dataset (Masson et al., 2019).

In silico homology modeling and ligand docking

Three-dimensional structure homology models of NbUGT71AY1
(GenBank accession MT945401; Niben101Scf06112g01008.1; https://
solgenomics.net/tools/blast) and StUGT72AY2 (GenBank accession
XP_015164078.1, UniProt: M0ZZL3) were produced using the IntFOLD
(McGuffin et al., 2015) and Swiss-Model (Waterhouse et al., 2018)
servers. Four proteins with known crystal structures were found
that show sequence identities between 39.4% and 47.0% with
NbUGT72AY1, and StUGT72AY2 shares 80.3% identical amino acids
with NbUGT72AY1. Two each were crystalized in their open (PDB:
6SU6/6SU7/5NLM and PDP: 6JEL/6JEM/6JEN) and closed (PDB: 6JTD
and PDB: 2VG8/2VCE/2VCH) conformation. Therefore, PDB: 6JTD and
PDB: 6SU6 were used as templates to guide the modeling of both
NbUGT72AY1 and StUGT72AY2, each in the closed and open form.
Models with the highest confidence scores were uploaded into UCSF
Chimera 1.15 (https://www.cgl.ucsf.edu/chimera) for visualization and
comparative analysis (Pettersen et al., 2004; Goddard et al., 2018).
Ligand docking was performed with the AutoDock Vina tool
implemented in UCSF Chimera 1.15 (Trott and Olson, 2010).
Binding energies (AG) calculated by UCSF Chimera 1.15 were used to
calculate equilibrium constants Kp by Ky = e A¢”T and Kp = Kg/c with
R = 1.986 cal/mol/K, T = 298.15 K, and the standard reference
concentration ¢ = 1 mol/L. Videos (mp4) were recorded with UCSF
Chimera 1.15.
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4. Acceptors and effectors alter substrate inhibition Kinetics of a
plant glucosyltransferase NbUGT72AY1 and its mutants

Abstract

Building on previous research, the study of NbUGT72AY 1 unravels further intricacies of its
substrate inhibition properties and sheds light on potential allosteric binding sites for various

ligands. The following results were obtained:

Diverse substrate inhibition profiles: The remarkable substrate inhibition behavior of
NbUGT72AY1 extends to a range of compounds, including hydroxycoumarins, vanillin,
carvacrol, and monolignols. The results of the UDP-Glo™ glucosyltransferase assay
revealed a wide range of different activity profiles, ranging from Michaelis-Menten (MM)
kinetics (hydroquinones) to weak substrate inhibition (sinapaldehyde, guaiacol, and o-cresol)
to strong substrate inhibition (scopoletin, eugenol, and vanillin). These results shed light on

the peculiarities of the enzyme's catalytic behavior with different substrates.

Mutant-based insights: Through the utilization of mutants of NbUGT72AY1, the study
identified potential commonalities in the binding sites of vanillin and scopoletin within the
active site of the glucosyltransferase. This provides a molecular-level understanding of how

these ligands interact with the enzyme and trigger substrate inhibition.

Effector selection: Different effectors were selected that could interact with NbUGT72AY 1
during glucosylation of vanillin. While coumarins had a minimal effect on enzymatic activity,
fatty acids emerged as significant modulators of substrate inhibition kinetics. This suggests
that the second binding site model may not apply to NbUGT72AY1 and that fatty acids play

a regulatory role in fine-tuning enzyme behaviours.

Conformational change model: In view of the results, a new model based on conformational
change was proposed for NbUGT72AY 1 catalysis in the presence of scopoletin. This model

offers insights into how the enzyme undergoes structural alterations during the reaction with

a7



scopoletin, contributing to a deeper understanding of the catalytic process.

In summary, the comprehensive investigation into NbUGT72AY1's substrate inhibition
behavior, ligand interactions, and conformational changes opens up new avenues for studying

the regulatory mechanisms of this enzyme.
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Abstract: One of the main obstacles in biocatalysis is the substrate inhibition (SI) of enzymes that
play important roles in biosynthesis and metabolic regulation in organisms. The promiscuous
glycosyltransferase UGT72AY1 from Nicotiana benthamiana is strongly substrate-inhibited by hy-
droxycoumarins (inhibitory constant Ki < 20 uM), but only weakly inhibited when monolignols
are glucosylated (Ki > 1000 uM). Apocarotenoid effectors reduce the inherent UDP-glucose gluco-
hydrolase activity of the enzyme and attenuate the SI by scopoletin derivatives, which could also
be achieved by mutations. Here, we studied the kinetic profiles of different phenols and used the
substrate analog vanillin, which has shown atypical Michaelis-Menten kinetics in previous studies,
to examine the effects of different ligands and mutations on the SI of NbUGT72AY1. Coumarins had
no effect on enzymatic activity, whereas apocarotenoids and fatty acids strongly affected SI kinetics
by increasing the inhibition constant Ki. Only the F87I mutant and a chimeric version of the enzyme
showed weak SI with the substrate vanillin, but all mutants exhibited mild SI when sinapaldehyde
was used as an acceptor. In contrast, stearic acid reduced the transferase activity of the mutants to
varying degrees. The results not only confirm the multi-substrate functionality of NboUGT72AY1,
but also reveal that the enzymatic activity of this protein can be fine-tuned by external metabolites
such as apocarotenoids and fatty acids that affect SI. Since these signals are generated during plant
cell destruction, NbUGT72AY1 likely plays an important role in plant defense by participating in
the production of lignin in the cell wall and providing direct protection through the formation of
toxic phytoalexins.

Keywords: glycosyltransferase; vanillin; coumarin; sinapaldehyde; fatty acid; effector; substrate inhibition

1. Introduction

Glycosylation describes a biochemical reaction that strongly alters the physicochemi-
cal properties of small molecules, such as water solubility, stability, volatility, bioactivity,
and bioavailability, and has proven to be a unique strategy in nature for broadening the
chemical spectrum of natural products. This is an important prerequisite for the successful
selection of adapted metabolic pathways [1,2]. Several enzyme families have been dis-
covered that can form a variety of glycoside bonds [3,4]. Among others, UDP-dependent
glycosyltransferases (UGTs), one of the largest protein families in plants, produce glyco-
sides by transferring a sugar moiety from a donor to an acceptor molecule via an SN2-like
mechanism, resulting in an inversion of the configuration of the anomeric carbon [5-8].
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Donors include UDP-glucose, but also UDP-xylose, UDP-glucuronic acid, etc., and ac-
ceptors are, e.g., proteins, carbohydrates, lipids and low-molecular metabolites (small
molecules) that carry an -OH, -COOH, -SH and -NH; group whereby O-, S-, N-, but also
C-glycosides and sugar esters, can be formed [4,9]. Enzyme-based glycosylation generally
exhibits high stereo- and regioselectivity with both promiscuous UGTs found glycosylating
numerous acceptors (generalists) and selective specialists converting few substrates. In
general, UGTs show a higher selectivity towards the donor substrate while being more
flexible with respect to the acceptor. Although there are several families of glycosyltrans-
ferases, the GT1 family in the CAZy classification (www.cazy.org), which includes the
UGTs, is of particular interest, because many of its members can glycosylate industrially
relevant substances [1,10,11]. UGTs contain a conserved 44-amino-acid-long motif called
the PSPG (plant secondary product glycosylation) box, carry a catalytically active His in
the N terminus, are inverting Leloir-type glycosyltransferases, and adopt the GT-B fold [11].
Notably, UGTs are involved in the biosynthesis of a number of plant metabolites, such as
flavonoids, alkaloids, terpenoids, and polyphenols. Thus, UGTs promote plant growth and
development by modifying, detoxifying, transporting, and storing secondary metabolites
and volatiles, and by protecting against biotic and abiotic stresses [12,13].

Since the advent of genome sequencing, and due to advances in sequencing techniques,
the number of putative UGTs has increased exponentially, but only a few of them have
been studied in depth. The characterization of UGTs could reveal a wealth of enzymes
that could be harnessed for industrial purposes. Recently, interest in UGTs has focused
mainly on their applications as catalysts in the biotechnological production of physiologi-
cally active metabolites such as steviosides, cardiotonic steroids, and C-glycosides [14-16].
Important criteria in these studies were substrate tolerance, regioselectivity, and enzyme
reaction mechanisms. In similar studies, we discovered the promiscuous UGT72AY1 from
Nicotiana benthamiana, which is thought to be involved in lignin biosynthesis, as shown in
its homologs from Arabidopsis thaliana [17,18]. The glycosylation of monolignols roughly fol-
lowed a Michaelis—-Menten (MM)-like scheme, whereas strong substrate inhibition (SI) was
observed when hydroxycoumarins such as scopoletin were used as acceptors (inhibitory
constant K; < 20 uM) [19]. A detailed biochemical analysis of this unusual enzyme by
hydrogen/deuterium exchange mass spectrometry (HDX-MS) and mutational analyses
revealed the strong UDP-glucose glucohydrolase activity of the enzyme in the absence of
an acceptor substrate, which could be attenuated by apocarotenoid effector molecules [20].
However, the same effectors increased the enzymatic activity of the protein toward hy-
droxycoumarins by increasing the inhibitory constant Ky and thus reducing SI. A similar
effect was observed in an F871 and a chimeric mutant (chimera A; Figure S1) containing a
sequence segment of a homologous enzyme that showed only weak SI. Based on HDX-MS
analyses and in silico modelling that identify amino acids interacting with the substrate,
mutants N27D, R91F, R91M, and R91A were generated. The amino acids, N27 and R91, are
thought to play a role in SI [19].

Since 20% of enzymes are inhibited by their own substrates, SI appears to have
important biological functions and probably represents a biologically relevant regula-
tory mechanism [21]. However, since the molecular causes of this inhibition have been
poorly investigated, we have performed further studies to find additional substrates of
NbUGT72AY1 that show SI, and to clarify whether vanillin, which is structurally related
to scopoletin, behaves similarly to hydroxycoumarin when glucosylated by this enzyme.
The aim of the study was to investigate the effects of coumarins and various mutants on
the enzymatic activity of UGT72AY1 toward vanillin and sinapaldehyde and to analyze
how apocarotenoid and fatty acid effector molecules alter the kinetics of the reaction. The
results show that NbUGT72AY1 is a flexible protein whose catalytic properties are modified
by substrate and effector molecules, allowing it to sense the environment and adapt the
enzyme activity accordingly.
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2. Results
2.1. The Substituents of the Phenolic Substrates Dictate the Enzyme Kinetics of NbUGT72AY1

In a previous study, we showed that the promiscuous NbUGT72AY1 can glucosy-
late phenolics as well as short-chain alcohol, terpenoids, and apocarotenoids [17]. Since
NbUGT72AY1 was strongly substrate-inhibited by hydroxycoumarins, vanillin, and car-
vacrol, but only weakly by monolignols [19], we performed further biochemical studies
to reveal structure—function relationships. Enzyme activity studies carried out by UDP-
Glo™ glucosyltransferase assay, with naturally occurring substrates structurally related to
scopoletin and vanillin, showed a wide range of different activity profiles, ranging from
Michaelis—-Menten (MM) kinetics (hydroquinones) over weakly inhibited (sinapaldehyde,
guaiacol, and o-cresol) to strongly substrate-inhibited profiles (scopoletin, eugenol, and
vanillin) (Figure 1a). The equation that best explained the data for all substrates combines
the two-binding site kinetic model for sequential ordered binding [22] and the Hill equa-
tion [23]. The equation contains two Hill coefficients, n and x, where x accounts for the
possibility that substrate binding can also be cooperative in the inhibitory mode (Figure 1b).
The equation becomes an MM equation when n and x are equal to 1, V; is equal to 0, and
K; approaches infinity, as in the case of hydroquinone (Figure 1c). Complete substrate
inhibition can be recognized by the fact that V; is equal to 0 (sinapaldehyde, guaiacol, and
o-cresol). All ortho-substituted phenols show SI kinetics, while para-substituted hydro-
quinone is not inhibited by the substrate. Kaempferol is a special case, as two products,
kaempferol-3-O-glucoside and -7-O-glucoside, were formed (Figure S2). The replacement
of the methoxy group in guaiacol with a methyl group, as in o-cresol, led to a strong de-
crease in Viy (393 £ 69 vs. 72 £ 4 nmol/min/mg) and K, (179 & 44 vs. 17 £ 9 uM), while
other parameters were not significantly different, highlighting the importance of an ortho-
substituent for substrate binding in the catalytic site. A third substituent appears to enhance
the SI, as shown by the comparisons of guaiacol with ethylguaiacol/eugenol/vanillin. A
fourth substituent, as in scopoletin and sinapaldehyde, leads to different outcomes.

a

350 e 100 prfr—T——T——T—TT 140 progrr—rrTrr
B 300 F 13 i HeCo 5 120 'qf HESE ]
g g 8o =1 £ i R
£ 250 H3CO N 1= HO € 100k - HO E
g 200F  HO oo £ H} { g B
£ S 4o i { i ] & 6o i ]
2 150 H {2 i 2 {

s H 3 : 3 4o e SET SPA
ERRL 2 3 S gressisinl s Ok 1 & 20 ]
o X AR o T T TR

0 200 400 600 800 10001200 0 200 400 600 800 10001200 0 200 400 600 800 10001200
Scopoletin [uM] Eugenol [uM] Vanillin [uM]
300 .# T 250 pr—rrrrreeeeee 350 pr——rrrrr—rreT
. HsCO
5 250F s = mok ] 30 S E
E B £ i .. HO £ 20
£ 200Ft '3 £ £ 3 . E
£ ... E 1s0fr T, 1 E .0f { OH
S 150! g b.g £ ;
g i £ ! y E 150F } E
= 100F = 100F Fowg.l = :
2 : 2 : 3 2 q00F 4 E
2 3 2 : 2
S 50 33 © S50 b © 50k {‘ OH 3
© i © H © I
o, L O 1] I AR OFe e iicocinnciosadansiiogid
0 200 400 600 800 10001200 0 200 400 600 800 10001200 0 200 400 600 800 10001200
Kaempferol [uM] Ethylguaiacol [uM] Hydroquinone [uM]

35 pre—rr l' T l. T 250 pre—rr—rrrree 60 pr—rr—rrrrreT
5ol I e b Ly ge 1) L
£ 0 ] 1 1 { E 200f .- b i ] E sof g { ]
£ . . ] £ : . £ i
E a5} [~ % J b, 1 & s}
[=} [} 9 [=} .
g ,qugco o] 8 1o} OH .1 OH 3
E 20! 7 1 & h OCHj3 = CHy ]
3 HO 3 100fd 1 3 ]
2 Pk 1% H g
© © © E

1 H,CO i
1) 2 St Py 50 TP PPT IO o) LV
0 200 400 600 800 10001200 0 200 400 600 800 10001200 200 400 600 800 10001200
Sinapaldehyde [uM] Guaiacol [uM] o-Cresol [uM]

Figure 1. Cont.

51



Int. . Mol. Sci. 2023, 24, 9542

40f 15

by LISy SIS
max * Kn Krrr; * Kix
YT B BT IS
c K& " Kp KX
Scopoletin___Eugenol Vanillin__Kaempferol Ethylguaiacol Hydroquinone Sinapaldehyde Guaiacol _ o-Cresol
Vmax 944+62 171+14 218+14 515%51 218+8 414+12 46+2 393+69 72+4
Vi 86+12 39+4 31+5 167+5 72+9 0 0 0 0
Km 16+1 17+2 9+2 15+3 3+1 331+25 56+17 179+ 44 17+9
Ki 14+1 62+17 117+24 46+9 345+58 (o) 1359+133 1022+69 1368+165
n 1+0.1 0.6+0.1 1£0.1 1+0.2 1+£0.1 1 0.4+0.1 0.3+0.1 0.3£0.1
X 2+0.2 1.7+05 2+0.2 1.5+0.5 1.5+0.5 1 4+15 3.5+1.0 4.5%2
R 0.98 0.94 0.99 0.99 0.98 0.99 0.86 0.94 0.56

Figure 1. Enzymatic activity of NbUGT72AY1 toward various phenolic substrates. NbUGT72AY1
was incubated with increasing concentrations of substrates and the product UDP was determined by
UDP-Glo™ assay. (a) Plots of acceptor substrate concentration versus reaction rate. (b) Equation
used for fitting the data (partial uncompetitive inhibition model with Hill coefficients) [23]. (c) Kinetic
data obtained by fitting the data to the equation shown in (b).

2.2. Coumarins Have No Effect on UDP-Glucose Glucosyltransferase Activity and Substrate
Inhibition of NbUGT72AY1

One possible hypothesis for the strong SI by scopoletin is based on a second (allosteric)
substrate binding site on the NbUGT72AY1 protein [19]. To uncouple the catalytic and
inhibitory modes of substrate binding, we used vanillin as the substrate and coumarins
as possible inhibitors. However, enzyme activity assays performed by UDP-Glo™ in the
absence and presence of coumarin, 6-methoxycoumarin, and 7-methoxycoumarin showed
that the kinetic parameters of UGT catalysis were not affected by the coumarins (Figure 2).
Using a one-tailed t-test (p < 0.01), the Viyay, Vi, Ky, and K; values of the samples with
coumarins were not significantly different from those of the samples without coumarins.
Thus, we concluded that either there is no second binding site on NbUGT72AY1, or the
coumarins are unable to bind to the allosteric site. Since the number and position of
substituents on the phenol ring are essential for binding to the allosteric site of the enzyme,
as shown in the previous section for hydroquinone, it is likely that coumarins, unlike
hydroxycoumarins, do not interact with NbUGT72AY1.
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Figure 2. Enzyme activity of NbUGT72AY1 toward vanillin in the presence of different
coumarins. (a) NbUGT72AY1 was used to glucosylate vanillin in the presence of different concentrations

+ 50 pM 6-Methoxycoumarin
+ 15 uM 7-Methoxycoumarin
+ 50 pM 7-Methoxycoumarin
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of coumarin, 6-methoxycoumarin, and 7-methoxycoumarin. Enzyme activity was determined by
UDP-Glo™ Glycosyltransferase assay and fitted to the equation shown in Figure 1. (b) Kinetic
parameters of NbUGT72AY1 using vanillin as acceptor substrate in the presence of coumarins. Please
note that the y-axis is displayed logarithmically to display the entire range of values. The colors of the
bars are explained on the y-axis. Experimental values were fitted to the equation shown in Figure 1
(n =1; x = 2). Parameters are not significantly different (p < 0.01).

2.3. Mutant NbUGT72AY1 Proteins Show Different Enzyme Kinetics with Vanillin but Similar
Enzyme Reaction Curves with Sinapaldehyde

In a previous study, an F87I and a chimera A mutant of NbUGT72AY1 showed reduced
SI with scopoletin compared with the wild-type (WT) enzyme [19]. In the F87] mutant,
an essential amino acid in the active site was exchanged, whereas the chimera A mutant
contained a sequence part of StUGT72AY2 from Solanum tuberosum, which is a homolog
of NbUGT72AY1 but has only a weak SI. Therefore, in a new experiment, we investigated
whether the mutants behave similarly when the natural substrate analog vanillin is used
(Figure 3a).

While mutants N27D and R91A showed a strong SI similar to the WT with comparable
kinetic data, except for the V,,y of N27D, which was significantly different from the
value of the WT, F87I and chimera A showed a weak SI (K; = 1261 + 128 uM) and MM
kinetics, respectively (Figure 3b,c). Thus, the catalytic activity of NbUGT72AY1 and its
mutants toward vanillin resembles that of the enzymes toward scopoletin, implying that
the phenolic aldehyde should interact with the same amino acids of the proteins as the
phenolic lactone. In contrast, WT NbUGT72AY1, as well as the F871 and chimera A mutants
showed mild SI with sinapaldehyde (Figure 3d).

Although structurally related, monolignol is thus likely to bind more weakly to
the putative allosteric site than scopoletin, since the K; values are significantly higher
(1398 £ 283 uM, 1414 + 333 uM, and 1437 + 138 uM for WT, F87I, and chimera A, respec-
tively) (Figure 3e) than those for scopoletin to the WT variant (16 &+ 1 uM) (Figure 1a,c).

2.4. Apocarotenoids and Fatty Acids Enhance the Glucosyltransferase Activity and Reduce
Substrate Inhibition of NbUGT72AY1 with Vanillin

Apocarotenoids, including «- and 3-ionol, have been shown to increase the glucosy-
lation activity of NbUGT72AY1 toward scopoletin by decreasing SI due to increasing K;
levels [20] and UDP-glucuronosyltransferase 1A1 activity is inhibited by fatty acids [24].
Therefore, we analyzed the effect of the naturally occurring effectors - and 3-ionol (100 uM
and 200 uM each) and fatty acids such as stearic acid, oleic acid, linoleic acid, and linolenic
acid (20 uM and 100 uM each) on the enzymatic activity of NbUGT72AY1 toward vanillin
(Figure 4a). The addition of «- and B-ionol to the reaction resulted in a concentration-
dependent increase in K; and reduced V; to zero (complete uncompetitive SI) (Figure 4b).
Similarly, the addition of C18 fatty acids altered the course of the enzymatic reaction curve,
but in different ways.

Saturated stearic acid promoted the glycosylation activity of NbUGT72AY1 with
vanillin as Vs increased in a concentration-dependent manner (Figure 4b). The unsatu-
rated fatty acids also resulted in a statistically significant increase in V,;5y upon addition of
20 uM, but also in a concentration-dependent increase in K; that was statistically significant
at 100 uM. Moreover, the reaction curve changed to a complete uncompetitive SI upon
addition of 100 uM of the unsaturated fatty acids. Thus, it appears that, in the case of oleic,
linoleic, and linolenic acid, more than one cause contributes to the altered response curve.
The increased catalytic activity of NbUGT72AY1, noted after addition of stearic and oleic
acid, was independently confirmed by LC-MS analysis. The reduced product formation
after excessive addition of oleic acid (100 uM) was also corroborated by LC-MS analysis
(Figure S3).
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Figure 3. Enzyme activity of wild-type NbUGT72AY1 and selected mutants toward vanillin and
sinapaldehyde. (a) Enzyme activity versus substrate (vanillin) concentration plot for wild-type (WT)
NbUGT72AY1 and selected mutants. The N27D and R91A mutant show a similar substrate-inhibited
enzyme kinetics as the WT protein. (b) Kinetic parameters of NbUGT72A1 and mutant enzymes
using vanillin as acceptor substrate. Please note that the y-axis is displayed logarithmically to
show the entire range of values. The colors of the bars are explained on the y-axis. (c) Values were
fitted to the equation shown in Figure 1. Mutants show Michaelis—-Menten, complete (V; = 0) and
partial uncompetitive substrate (V; > 0) inhibition kinetics. (d) Enzyme activity versus substrate
(sinapaldehyde) concentration plot for WT NbUGT72AY1 and selected mutants. Experimental data
were determined by UDP-Glo™ Glycosyltransferase assay. (e) Kinetic parameters of NbUGT72A1
and mutant enzymes using sinapaldehyde as acceptor substrate. Values were fitted to the equation
shown in Figure 1. Parameters are not significantly different (p < 0.01).

2.5. The Enzymatic Activity of NbUGT72AY1 Mutants Is Either Unaffected or Reduced by Fatty Acids

Since fatty acids such as stearic acid altered the enzymatic activity of WT NbUGT72AY1
by decreasing SI in the previous experiment, we next tested the effects on NbUGT72AY1
mutants (F87 and chimera A) that exhibit reduced SI (Figure 5a). The results of the enzyme
activity assays confirmed the promoting effect of stearic acid for the NoboUGT72AY1 WT, as
explained by the significantly increased V4, values, and showed that the saturated acid
did not affect the catalytic activity of the N27D mutant, but did alter the activities of the
F87I and chimera A mutants (Figure 5b).
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release of UDP determined by UDP-Glo assay
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20 pM stearic acid 8+1 57 + 2% 293 + 46 13+2 1 2 098
100 pM stearic acid 6+1 82 + 2* 228 + 27 13+2 12 099
no 7+1 29 +1 239 +29 4+1 1 2 099
20 uM oleic acid 21+3 71 +3" 328 + 56 20+ 2 1 2 099
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no 3+1 915 181 £ 31 153 1 2 097
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Figure 4. Enzyme activity of NbUGT72AY1 toward vanillin in the presence of apocarotenoids

and fatty acids. (a) NbUGT72AY1 was used to glucosylate vanillin in the presence of x- and f3-

ionol, stearic acid, oleic acid, linoleic acid, and linolenic acid. Experimental data were determined

by UDP-Glo™ Glycosyltransferase assay and fitted to the partial uncompetitive inhibition model

shown in Figure 1. (b) Kinetic parameters of NbUGT72AY1 using vanillin as substrate with various

effectors. Asterisks (*) indicate that the values are statistically significantly different according to a

t-test (p < 0.01) from the values for the samples without addition of the effectors.
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Figure 5. Enzyme activity of NbUGT72AY1 mutants toward vanillin in the presence of putative
effectors. (a) Wild-type (WT) and mutant proteins were used to glucosylate vanillin in the presence of
stearic acid. Experimental data were determined by UDP-Glo™ Glycosyltransferase assay and fitted
to the equation shown in Figure 1. (b) Kinetic parameters of WT and mutant proteins using vanillin as
substrate with stearic acid. Asterisks (*) indicate that the values are statistically significantly different
according to a t-test (p < 0.01) from the values for the samples without addition of the effectors.

The Vqx values were significantly lowered after the addition of stearic acid in the
F871 mutant, which has only a weak SI, whereas the V5, and K, values were considerably
reduced and increased, respectively, in the chimera A mutant. In the R91 mutants (R91F,
R91M, and R91A), in which an amino acid presumably important for SI had been replaced,
the addition of stearic acid had no effect or decreased activity, with the Vi, values sig-
nificantly reduced at 20 uM addition. Thus, it can be concluded that stearic acid has a
positive, promoting effect on the catalytic activity of the WT NbUGT72AY1 enzyme, which
exhibits strong SI but has no effect, or an inhibitory effect, on mutants in which amino acids
putatively involved in SI have been mutated.
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3. Discussion

Promiscuous enzymes are of particular interest for the biotechnological production of
chemicals, agrochemicals, and pharmaceuticals, as they catalyze reactions in a stereoselec-
tive manner and can be used for the manufacture of a wide range of industrially relevant
products due to their substrate tolerance. However, a significant number of biocatalysts are
inhibited by their substrates at high concentrations, limiting their potential applications.
Since the molecular mechanisms of SI are not fully understood, the targeted elimination of
this limiting enzyme property by rational design is difficult. The best-known example of SI
is the inhibition of phosphofructokinase by ATP, which leads to the suppression of glycol-
ysis and, thus, to the cessation of ATP production [25]. The most commonly cited model
of Sl is the two binding site model with a catalytic and allosteric site [22]. The binding of
the substrate to the allosteric binding site in the enzyme (E) or in the enzyme—substrate
complex (ES) forms an inhibitory complex in which the catalyzed reaction is either very
slow or completely suppressed (Figure 6). In alternative models, excess substrate molecules
interact with enzyme forms other than the enzyme-substrate complex, such as the reaction
intermediate (EI) or the enzyme—product complex (EP). All these models have in common a
second substrate molecule that is bound to the enzyme. The inhibitory effects of substrates
are attributed to the accumulation of a catalytically incompetent combination of enzyme,
cofactor, and substrate. Such inappropriate termination complex formation has been re-
ported for multi-substrate and multi-product enzymes with multiple binding sites [26].
However, a recent model based on conformational motions of proteins has shown that an
allosteric site is not essential for SI. By using single-molecule FRET spectroscopy, it has
been demonstrated that acceptor substrates can facilitate the domain closure of a kinase at
lower concentrations of the donor substrate, which can affect the proper substrate-binding
mechanics required for the reaction [27]. NbUGT72AY1 lends itself here as a model to
better understand SI as it shows extreme SI (Figure 1).

a Second binding site

cat1

K.
E+D+A&—— E-D-A —> E+P1+P2
|2

AE-D-A S22 A E4p1+p2

E enzyme, D donor substrate, A acceptor substrate,
P1, P2 products

b Open and closed states model

D

o
SN

X

Z

- A-D

+D

D-A

Kcal
—_—

Eoenzyme open conformer, E¢ enzyme closed conformer, D donor substrate,
A acceptor substrate

Figure 6. Model for enzymatic substrate inhibition. (a) In the classical model for substrate inhibition
the enzyme has catalytic activity when one substrate is bound, but reduced (Kcatp < Kat1) or even no
activity Keaep = 0) if two are bound (adapted from [22]). The color code is explained in the sub figure.
(b) In the open and closed states model, inhibitory concentrations of acceptor substrate A lead to a
faster and more cooperative domain closure by donor substrate D, leading, in turn, to an increased
population of the closed inhibited state (Ec-A-D). Too rapid a premature closure of the domain could
interfere with substrate-binding mechanisms (adapted from [27]).
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3.1. NbUGT72AY1 Exhibits Michaelis—Menten and Substrate Inhibition Kinetics Depending on
Substrate Structure

NbUGT72AY1 is a promiscuous enzyme that glucosylates phenols as well as short-
chain alcohols and terpenes [17]. Studies on enzyme activity showed that MM and SI
kinetics were obtained depending on the substrate structure (Figure 1). While only the
para-substituted hydroquinone showed a hyperbolic curve, ortho- and tri-substituted phe-
nols exhibited both weak and strong SI. Hydroquinone thus presumably binds exclusively
in the catalytic center, or an excess of benzene-1,4-diol has no effect on the dynamics of
domain closure. The measured K, values for NbUGT72AY1 substrates are relatively low
(<200 uM), with the exception of hydroquinone, suggesting that this enzyme has a high
affinity for a number of ortho-substituted phenols. UGT72 enzymes are thought to be
involved in the modification of flavonoids and the lignin formation by glucosylation of
monolignols [28,29], as shown for homologous enzymes from Arabidopsis thaliana [30,31].
Similarly, NbUGT72AY1 glucosylates flavonoids and monolignols such as kaempferol and
sinapaldehyde, albeit with different efficiencies and kinetics [19] (Figure 1). However,
NbUGT72AY1 may also be implicated in the detoxification of the airborne phenols pro-
duced by forest fires, as guaiacol and ethylguaiacol are metabolized efficiently and the
enzyme is constitutively expressed in the stem of the tobacco plant. The glucosylation of
airborne volatiles after uptake by plants has been demonstrated in the leaves of grapevine,
tomato and tea plants [32-34].

The strong SI of NbUGT72AY1 for scopoletin was related to its putative function in
plant defense [13,20]. Thus, the neighboring cells of tissues damaged by an herbivore
might protect themselves by glucosylation of the phytoalexin synthesized in response to
the attack. However, if the damage is too severe, it might be more beneficial to build a
physical barrier of dead cells, which could explain the significantly reduced activity at high
scopoletin concentrations [35].

3.2. Blocking the Inhibitory Action of Substrates

Since both scopoletin and vanillin exhibit SI, we attempted to uncouple the inhibitory
effect of vanillin from the catalytic activity by adding different coumarin derivatives to the
reaction solution. However, the enzyme activity curves and kinetic parameters were not
significantly different in the presence of the coumarins (Figure 2). The coumarins are either
unable to replace vanillin at the allosteric site or the second binding site is not existent. In
the case of the second hypothesis for SI, this would mean that coumarins have no influence
on the dynamics of enzyme movement. However, mutants of NbUGT72AY1 generated to
suppress SI in the WT enzyme toward scopoletin (F87I and chimera A) [19] also showed
reduced SI or no inhibition at all with vanillin (Figure 3). However, the mutants did not
exhibit altered kinetics of sinapaldehyde glucosylation compared with WT. In the N27D
and R91A mutants, the amino acids putatively involved in SI had been exchanged [19],
but only in N27D was V,, significantly increased compared with WT. Amino acid F87
is part of the active site and was identified by HDX-MS analysis [19], whereas chimera
A contains a segment of a homologous enzyme that showed only weak SI [19]. Based
on in silico analyses, it was hypothesized that NbUGT72AY1 has an allosteric site that
shares F91 and amino acids of the sequence inserted into chimera A with the catalytic
center [19]. The hypothesis is supported by the observation that the crystal structure of
a human sulfotransferase (SULT1A1) contains two substrate molecules and the residue
Phe-247 of SULT1A1, which interacts with both p-nitrophenol molecules, is important for
substrate inhibition [26]. The results obtained for vanillin confirm the data determined
for scopoletin and show that SI can be reduced or even abolished by the replacement
of individual amino acids. This was also shown for tyrosine hydroxylase [36], betaine
aldehyde dehydrogenase [37], salutaridine reductase [38], human sulfotransferase [26],
D-3-phosphoglycerate dehydrogenase [39], lactate dehydrogenase [40], and haloalkane
dehalogenase [41].
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3.3. Effectors Increase the Enzymatic Activity of Substrate-Inhibited NbUGT72AY1 but Decrease
the Catalytic Activity of Mutants That Exhibit Attenuated Substrate Inhibition

Recently, we showed that the SI of scopoletin in NbUGT72AY1 was decreased by apoc-
arotenoids, which could be explained by an increase in the inhibitory constant K; [20]. In
terms of the two-substrate binding site model, this implies that binding to the allosteric site
is restricted by apocarotenoids. In the case of the second model, this means that the effectors
prevent the early closure of the catalytic center when the acceptor substrate is present in
excess. In this study, we demonstrated that a decrease in SI and an increase in enzymatic
activity is also possible through the addition of fatty acids (Figure 4). Thus, 20 uM of stearic,
oleic, linoleic, and linolenic acids increased V;,;x. However, at 100 uM of unsaturated
fatty acids, K;; and K; increased significantly and V; decreased to zero compared to the
sample without effectors. An exception was stearic acid, where a concentration-dependent
increase in enzyme activity was observed. A possible explanation for the different behavior
is the micelle and vesicle formation of the long-chain fatty acids (Figure S4). Saturated and
unsaturated fatty acids form self-assembling structures such as micelles, vesicles and oil
droplets at different pH values of the medium above their critical micelle concentrations
(CMC), and critical vesicle concentration (CVC), depending on the concentration of the
acids, the temperature, and the ionic strength of the buffer [42,43] (Figure S4). Therefore,
different CVCs and CMCs for fatty acids are found in the literature, but it seems that CMCs
increase with the number of double bonds of the fatty acids and pH (Table S1). At concen-
trations below the CMC (20 pM), when the acids are dissolved as single molecules, they
can readily interact with NbUGT72AY1 and promote the activity of the enzyme (Figure 4).
At concentrations above the CMC (100 uM), when micelles and vesicles have formed, the
diffusion from the micelles and vesicles, respectively, leads to an obvious increase in Ky,
and K; values in the case of the unsaturated acids (Figures 4 and S4). Stearic acid enhances
glucosylation activity even at a concentration of 100 pM. However, stearic acid does not
promote activity in NbUGT72AY1 mutants in which the amino acids thought to play a role
in SI have been mutated, but actually decreases Vi, in the case of the F87I and chimera
A mutant and increases K;; for chimera A (Figure 5). Thus, this is an un-competitive
inhibition of the chimera A mutant (binding to the enzyme-substrate complex only), which
exhibits MM kinetics and a non-competitive inhibition of F87I (binding to the enzyme and
enzyme—substrate complex). The inhibition of enzyme activities by free fatty acids has
long been known [44] and, recently, lipoxygenases were shown to be regulated by fatty
acids through interaction with an N-terminal binding domain [45]. Furthermore, stearic
acid suppressed the enzymatic activity of a thioesterase when a C-terminal lipid binding
domain was absent, suggesting that this hydrophobic domain abolished the inhibitory
effect of stearic acid [46]. In the future, HDX-MS will clarify whether the segment replaced
in chimera A is a possible binding site for fatty acids.

4. Materials and Methods
4.1. Cloning and Protein Expression of UGT72AY1

Cloning of NbUGT72AY1 from Nicotiana benthamina (accession MT945401) with vector
PGEX-4T-1, and the protein expression in Escherichia coli BL21(DE3) pLysS, were performed
according to [17]. Mutants (N27D, F87I, chimera A, R91A, R91F, and R91M) were generated
according to [17,19] (Figure S5).

4.2. Enzyme assays by UDP Glo™ Glycosyltransferase Assay

The kinetics of UGT72AY1 with vanillin and effectors were measured using the UDP-
Glo™ Glycosyltransferase Assay (Promega, Mannheim, Germany). The optimal enzymatic
reaction conditions were determined as described [17]. The 100 uL assay contained 50 mM
Tris pH 7.5, 0.5 ug protein, a defined concentration of effector, and different concentrations
of vanillin and 100 mM UDP-glucose, which was added to start the incubation at 40 °C and
500 rpm for 10 min. Finally, the reaction was stopped by 12.5 uL 0.6 M HCl and an addition
of 12.5 uL 1 M Trizma base pH 10.7 was used to adjust the pH. UDP detection reagent (UDR)

59



Int. J. Mol. Sci. 2023, 24, 9542

12 0f 15

was used to quantify the released UDP during the catalysis in a 384-well plate (384-Well
Plates, Corning 4513, Sigma—Aldrich, Taufkirchen, Germany) and incubated for 30 min in
the dark before the luminescence signal was measured by the CLARIOstar plate reader
(BMG Labtech, Ortenberg, Germany). Kinetic data were calculated with KaleidaGraph
(https:/ /www.synergy.com/; accessed 22 May 2023; v4.5.4).

4.3. Liquid Chromatography-Mass Spectrometry Analysis

After centrifugation (20 min at 5000 x g), the samples prepared for the UDP-Glo assay
were used for LC-MS analysis according to [17]. Vanillin, sinapaldehyde, and kaempferol
glucosides were identified according to [19] (Figure S2).

4.4. Enzyme Kinetics Analysis

A two-site model (Figure 1) was used to explain the substrate inhibition phenomenon
of NbUGT72AY1 [19]. Here, [S] is the concentration of the varied substrate, V,,,y is the
maximal reaction rate, and Kj,; represents the substrate concentration at which the reaction
rate is % Vimax. The parameter V; is the reaction velocity in the presence of inhibition, K;
is the inhibition constant which is the inhibitor concentration required to decrease the
maximal rate of the reaction to % of the uninhibited value. The equation presumes the
sequential binding of substrate molecules, i.e., the inhibitory site cannot be occupied until
the reaction site is filled. By adding cooperativity-describing Hill coefficients, an equation
was obtained that best described the measured data. The superscript n is a Hill coefficient,
and x is another Hill coefficient that allows for the possibility that the binding of substrate
in the inhibitory mode may also be cooperative [47]. To obtain convergence for the equation
in Figure 1, the value of x was fixed, which was determined empirically to give a best fit
(lowest variance). The kinetic parameters were determined under optimum conditions and
were calculated with KaleidoGraph version 4.5.4 from Synergy Software (Eden Prairie, MN,
USA). The data were derived from at least three repeats. Statistical analysis was performed
using Student’s t-test (p < 0.01).

Vinax * [Ii}’% + Vi * [§<];711 i Ifl’]‘

1+ B+ BT

0=

5. Conclusions

Opverall, the results show that vanillin behaves similarly to scopoletin as a substrate for
NbUGT72AY1. These substrates show SI with the WT, which is reduced by apocarotenoids,
is only weakly observed in the F87I mutant, and is not seen at all in the chimera A mutant.
Coumarins do not affect enzymatic activity, but this does not completely rule out a second
binding site. Fatty acids, on the other hand, promote catalytic activity depending on free
fatty acid molecules, which is why aggregations of fatty acids above their CMC lead to
altered reaction rates. Since the enzyme exhibits SI with a range of substrates, this opens
up unique opportunities for the regulation of the enzyme by effectors that can attenuate
inhibition. NbUGT72AY1 is a multi-substrate enzyme whose enzymatic activity can be
fine-tuned by external, naturally occurring metabolites such as apocarotenoids and fatty
acids that affect SI. These signals are generated upon plant cell destruction, which is why
NbUGT72AY1 likely plays an important role in plant defense as it may be involved in
the production of lignin in the cell wall and may provide direct protection through the
formation of toxic phytoalexins.
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5. Discussion

5.1. NbUGT72AY1 is involved in lignin biosynthesis, and probably a component of plant

defense

Glycosylation serves various functions in plants. Physiologically, glycosylation facilitates
inter- and intracellular secondary metabolites transport, storage and accumulation in plant
cells. Glycosylation is important for plant growth, stress regulation and detoxification (Figure
12) 126, Glycosylation of flavonoids enhances their water solubility, allowing for efficient
transport within plant cells and through the vascular system. The increased solubility

127 Alkaloids like nicotine in

facilitates their movement from leaves to other plant parts
tobacco plants are glycosylated and stored in the vacuoles. Glycosylation reduces the toxicity
of hazardous substances within the plant but allows their release when needed for defense

against herbivores 1?8

. Transfer of sugars to plant constituents occurs in various organs such
as flowers, fruits, or leaves, and mediates transport and storages processes into the vacuole
126,129, 130 "UGTs are involved in plant growth and help plants to adapt to environmental
stresses, e.g. by glycosylating phytohormones '*!. UGTs glycosylate salicylic acid to form
salicylic acid glucoside (SAG). The glycosylation reduces the concentration of salicylic acid,
which acts as signalling compound in plant defence against pathogens. Salicylic acid is a
crucial component of systemic acquired resistance (SAR) in plants '32. UGTs also glycosylate
auxins like indole-3-acetic acid (IAA). Glycosylated IAA is less active than its free form,
which helps regulate auxin-mediated processes like cell elongation and differentiation '*3. In
addition, UGTs glycosylate abscisic acid (ABA) to form ABA-glucose ester. This
modification impacts ABA's role in plant responses to drought stress and seed dormancy 3.
NbUGT72AY1 is homologous to AtUGT72E2, which is involved in lignin metabolism 3%,
AtUGT72E2 catalyzes the formation of coniferyl alcohol 4-O glucoside and sinapyl alcohol
4-O-glucoside. A knockdown mutant line (72E2KD) created through RNAi silencing

exhibited a notable twofold reduction in the levels of coniferyl alcohol 4-O-glucoside and

sinapyl alcohol 4-O-glucoside when compared to the wild-type counterpart. This reduction



underscores the significance of AtUGT72E2, the target of the RNAi silencing, in the
glycosylation of these monolignols 3¢, Coniferyl alcohol 4-O-glucoside and sinapyl alcohol
4-O-glucoside are glycosylated forms of monolignols that play roles in lignin metabolism 37,
The glycosylation can influence the solubility, stability, and regulation of monolignols,
which are critical components in the formation of lignin, a key structural component in plant
cell walls. We found that, NbUGT72AY1 and StUGT72AY2 glycosylate monolignols,
especially coniferyl and sinapyl derivatives, and are highly expressed in the stem.
NbUGT72AY1 shows high activity and strong substrate inhibition with carvacrol,
umbelliferone, scopoletin and vanillin, but low inhibition with monolignols '?°. Since
NbUGT72AY1 glycosylates the phytoalexin scopoletin, this indicates that NbUGT72AY1 is

122 138

involved in plant defense Glycosylation could reduce the cytotoxic effect of the

phytolaexin and allows transport into the vacuole and translocation from the aerial parts to

the roots !3°

. The glucosylated form of a-ionol has a more pronounced adverse impact on
germination rates and embryo size than the unbound a-ionol. This is in contrast to 3-hydroxy-
B-ionone and 3-oxo-o-ionol, which exhibit much weaker allelopathic activity than the
aglycone compounds. The result suggests that glycosylation does not consistently imply

detoxification and the subsequent decrease in phytotoxicity of the aglycones; instead, it can

potentially augment phytotoxic effects 2!,
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Figure 12. Proposed functions of glycosidically bound volatiles (GBV) and UGTs in plants. Adapted from'?®

5.2. NbUGT72AY1 exhibits substrate inhibition Kinetics

Approximately 20% of enzymes exhibit reduced catalytic activity at excessive concentrations
of substrates or cofactors, known as substrate inhibition, which probably has a biological
function !24, Substrate inhibition of DNA methyltransferase ensures accurate replication of
DNA methylation patterns during cell division and at the same time prevents de novo
methylation in promoter regions where methylation is not yet present >4, In some cases,
substrate inhibition may serve as a defense mechanism against the accumulation of toxic
intermediates. If the substrate concentration becomes too high, enzymes with substrate
inhibition properties can reduce the formation of harmful products. For example, ionol
glucoside showed negative impact on germination rates'?!. NbUGT72AY 1 is a promiscuous

enzyme accepting a wide range of substrates, such as phenolics as well as short-chain
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alcohols, terpenoids, and apocarotenoids !

, and is strongly substrate-inhibited by
hydroxycoumarins, vanillin, and carvacrol, but only weakly by monolignols '?°. Similarly,
FvUGT]1 activity is inhibited by anthocyanidin.?> Besides, NbUGT72AY1 showed a wide
range of different activity profiles, ranging from Michaelis—Menten (MM) kinetics
(hydroquinone) over weakly inhibited (sinapaldehyde, guaiacol, and o-cresol) to strongly
substrate-inhibited profiles (scopoletin, eugenol, and vanillin) '*°, Thus, the tobacco UGT
shows no or little substrate inhibition for its presumably original substrates, the monolignols,
but substrate inhibition for its acquired glycosylation activity towards the phytoalexins
scopoletin and umbelliferone. In the first phase of plant defense, scopoletin is produced,
which also has a cytotoxic effect on neighboring plant cells that have not been attacked.
Through glycosylation, the neighboring plant cells could protect themselves against
scopoletin and even send a signal to other parts of the plant. However, if the infestation of
the affected cells is too strong, i.e. an excess of scopoletin is produced and substrate inhibition

occurs, it could be more advantageous for the plants if the outer cell layer dies and forms a

barrier.

5.3. Advantage und disadvantage of homology modelling

Homology modeling is a valuable tool for predicting protein structures and gaining insights
into protein function !, Numerous homology modelling tools are available, and comparative
studies on the accuracy of these tools have been published . Homology modelling is
considered a versatile tool for drug discovery, as it can identify distant homologs by matching
sequences to template structures, and contributes to consistent prediction of protein structure
by modelling loops and side chains and detecting errors in models '#2. Artificial intelligence
in particular contributes a great deal to solving difficult tasks such as the annotation of
proteins or open reading frames 2. Circular Dichroism (CD), X-ray Crystallography, NMR
Spectroscopy and Cryo-EM are well-known protein measurement technologies that provide
information about protein structure and conformation, but they are time-consuming and

expensive % 143144 Homology modelling is the better choice for reasons of time and cost.
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However, the accuracy of homology modelling is directly influenced by sequence similarity
and limitation of known protein structures °°. Since protein conformational changes are
complex, modelling flexible loop regions can be challenging '*!. Another challenge is the
conformational changes induced by ligands. By homology modelling we were able to predict
the open and closed form of NbUGT72AY1 and postulate a possible allosteric binding site
that could explain the substrate inhibition of the enzyme by scopoletin. However, the results
of the second study, in which the effect of coumarin effectors on catalytic activity was
investigated, could not confirm this binding site. In our opinion, only crystal structures can
provide definitive proof of the molecular basis of the substrate inhibition of NbUGT72AY 1

by scopoletin and its attenuation by apocarotenoids.

5.4. Molecular basis of substrate inhibition

The open and closed UGT conformers were visualized using 3D structures to capture the
dynamics of conformational changes during catalysis and substrate inhibition. In addition,
HDX-MS was performed to analyze the conformational changes of NbUGT72AY1 upon
binding of scopoletin. Homology modeling shows that NbUGT72AY1 is a typical GT1
family member with GT-B fold, that follows an inverting mechanism. Some GT-B folded
UGT enzymes exhibit global domain motion on substrate binding and differ in types and
extent of movement 43, Multiple loop displacements during the transition from the open to
the closed conformation of the protein bring the donor and acceptor into spatial proximity 46,
HDX-MS and homology modeling showed that amino acids 87-97, 156-208 and 386-399 are
located in flexible regions (Figure 13). Amino acid W350 is the first amino acid in the PSPG
box and rotates 180° during the conversion from open to closed conformation. It is involved

in the binding of the donor substrate and forms a pi-pi complex with the uridine ring of UDP-

glucose.
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Figure 13. Amino acid sequence alignment of NbUGT72AY 1 and StUGT72AY?2 from Nicotiana benthamiana
and Solanum tuberosum, respectively and HDX results. Catalytically active H18, activating D118, plant
secondary product glycosyltransferase (PSPG) consensus sequence position 352-395, and G461/5462/S463
motif are highlighted by black bars and arrows; mutations 1 N27D, 2 IF/VI double mutant, 3 chimeric mutant,
and 4 H/Y mutant are highlighted by red bars and arrows. Amino acids of NbUGT72AY 1 that showed reduced
hydrogen/deuterium exchange in HDX experiments in the presence of scopoletin are framed with blue boxes.
Adpated from!'%

The simulated 3D model for NbUGT72AY1 with the ligand scopoletin showed that the
active site is lined mainly with nonpolar amino acids (P14, G15, 186, F87, L90, 1119, F120,
P186, and A391) (Figure 14). The interactions of the amino acids with scopoletin in the active

site stabilize the hydrogen bonding networks, resulting in significant decrease in deuterium
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147 The amino acids 186 and F87 were found to be located in the active site,

incorporation
and H390 rotated in the animation, showing the transition from the open to the closed
conformer. Since R91 shows a dramatic conformational change during the transition from
the open to the closed conformer in the animation, creating a putative new binding site, this
suggests an allosteric binding site that should allow the binding of a second scopoletin
molecule. Therefore, three R91 mutants, RO1A, R91F and R91M were generated. RO1A and
RIO1F were significantly stronger inhibited by scopoletin than the wild-type enzyme enzyme,
which was reflected in lower Ki values. The strongest effects on substrate inhibition were
observed for the chimera and chimera A mutant of the tobacco enzyme, as evidenced by the
increased Ki values. In these mutants, sequence segments of the substrate-inhibited
NbUGT72AY1 were exchanged with homologous segments of the non-inhibited enzyme
StUGT72AY2. These results may indicate that NbUGT72AY1 has an allosteric site
encompassing F91 and amino acids of the sequence inserted into chimera A. Proteins
investigated with second binding site have been reported a lot. For example, pRib-AMP/ADP

binding induces conformational changes in EDS1-PAD4 to allosterically promote its

association with ADR1-L1 48,

G
LEU 1L5Y
= = PRO
390 A o
PHE 391
120
ILE
PHE 86
87
GLN
194
PRO HIS
186 ASP 18
185
ILE
119

Figure 14. Ligand—protein interactions (scopoletin in the catalytic center) predicted by Discovery Studio

Visualizer v19.1.0.18287 (https://discover.3ds.com/discovery-studiovisualizer-Download). Adapted from'?®
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5.5. Structural requirements of ligands for substrate inhibition

Vanillin shares a common 2-methoxyphenol structure with scopoletin and also shows
substrate inhibition with NbUGT72AY1 (Figure 15). One possible hypothesis for the strong
substrate inhibition of scopoletin is a possible allosteric binding site at NbUGT72AY 1, which
could also bind vanillin. '%. To confirm the catalytic and secondary binding site, we used
vanillin as a substrate and coumarins as optional inhibitors. Coumarins had no effect on the
glucosyltransferase activity and substrate inhibition of NbUGT72AY 1. This means that
coumarins do not affect enzymatic activity, but the result does not completely rule out a
second binding site. In a previous study, apocarotenoid effectors were shown to inhibit the
inherent UDP-glucose glucohydrolase activity of NbUGT72AY1 and attenuate substrate

inhibition by scopoletin, which could also be achieved by mutations.

o)
CH3 \
o]
m o O
HO o] o] I;@
HO O—CHg
Scopoletin Vanillin Coumarin

Figure 15. Chemical structures of scopoletin, vanillin, and coumarin.

In the follow-up study, fatty acids were selected and tested as effectors due to their structural
similarity to carotenoids and their non-polar character. Fatty acids strongly influenced the
substrate inhibition kinetics as they increased the inhibition constant Ki when vanillin was
glucosylated by NbUGT72AY 1. The molecular mechanism of substrate inhibition is still
unclear. A well-known example of substrate inhibition is the inhibition of
phosphofructokinase by ATP 24, The model of two binding sites with one catalytic and one
allosteric site is the best known model for inhibition by substrates 2. Binding of the substrate
to the allosteric binding site on the enzyme—substrate complex (E-D-A) results in the
formation of an inhibitory complex (A-E-D-A). This complex slows down or completely

suppresses the catalyzed reaction (Figure 16a). In alternative models, excess substrate
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molecules interact with enzyme forms other than the enzyme—substrate complex, such as the
reaction intermediate (EI) or the enzyme—product complex (EP). All of these models share a
common feature: the presence of a second substrate molecule bound to the enzyme. The
inhibitory effects of substrates are attributed to the accumulation of a catalytically
incompetent combination of enzyme, cofactor, and substrate. A more recent model based on
conformational motions could apply in our case (Figure 16b) ¥, Using single-molecule
FRET spectroscopy, it was revealed that acceptor substrates alone cannot promote domain
closure of a kinase, but inhibitory concentrations of acceptor lead to a faster and more
cooperative domain closure by the donor, leading in turn to an increased population of the
closed state 5. In this context, NbUGT72AY1 could serve as an ideal model for deeper
research into substrate inhibition dynamics in the future, as it exhibits pronounced substrate
Inhibition kinetics.

a Second binding site

cat1

K
E+D+A— E-D-A — E+P1+P2

+A
Kcatz
A-E-D-A — A-E+P1+P2

E enzyme, D donor substrate, A acceptor substrate,
P1, P2 products

b Open and closed states model

%z
vXA

+D

X
/

Kcat
=

Eoenzyme open conformer, E; enzyme closed conformer, D donor substrate,
A acceptor substrate

Figure 16. Models of enzymatic substrate inhibition. (a) Classical model in which a second substrate A is bound
to an allosteric site on the enzyme-substrate complex (E-D-A) (adapted from?®). (b) Inhibitory concentrations

of the acceptor substrate A lead to faster and more cooperative domain closure by the donor substrate D, which
in turn leads to an increased population of the closed inhibited state (E.-A-D) (adapted from®*). Adapted from'*’
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5.6. Glucohydrolase activity of NbUGT72AY1

In a subsequent investigation, NbUGT72AY1 was identified to possess UDPG
glucohydrolase activity, indicating the enzyme's ability to transfer glucose to water in the
absence of an acceptor molecule. This phenomenon, observed in other transferases as well
(Table 1), was effectively counteracted by apocarotenoids such as a- and B-ionol and a- and

B-ionone 1*°

. Overall, in the absence of an acceptor substrate, GTs often exhibit background
hydrolysis of the donor substrate, which can be regarded as a side-reaction with water as
sugar-acceptor. Amino acids located at the two apertures could affect the efflux of water from
the active site and thus control the inherent UDP-Glc hydrolase activity of UGTs !,

Table 1. Glycosyltransferase with hydrolase activity

Glycosyltransferases Hydrolase activity

AtFUT1 An atypical water-mediated fucosylation mechanism facilitated
by an H-bonded network with Sy1-like reaction mechanism %!
LtpM Amino acids located at the two apertures could affect the efflux
of water from the active site and thus control the inherent UDP-
Glc hydrolase activity of UGTs %2,

Human blood group B | Hydrolysis may be understood as a glycosyl transfer reaction
galactosyltransferase where water serves as universal acceptor, which indicates that
this may point to a general mechanism used by retaining
glycosyltransferases to discriminate acceptor substrates under

physiological conditions >3,
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6. Conclusion and Outlook

The precise 3D structure of NbUGT72AY 1 is not yet known to explain the exact mechanism
of substrate inhibition, UDP-glucose glucohydrolase activity and the effect of ligands at the
molecular level. Currently, only HDX-MS and in silico simulations of the structure are
available. In the future, the advantages of further techniques such as NMR or X-ray
crystallography should be utilized to investigate the conformational changes during catalysis
of NbUGT72AY 1 with acceptor substrates, UDP-glucose, and effectors. Since the observed
enzyme kinetics can be well explained by Hill equations without understanding the
mechanistic basis, the elucidation of the mechanism could also contribute to the improvement

of mathematical models and the generation of improved glycosyltransferases.
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Supplementary Information

Supplementary Tables

Supplementary Table 1. Technology widely applied in protein structure investigation

Technology

Usages/Advantages

Reference

X-ray crystallography

NMR spectroscopy

Cryo-electron

Any size molecules
Atomic resolution but crystallization may take
years and damage protein structure

Small molecules
Dissolved in water

Larger molecules

154

155

143

microscopoy Frozen in native state and near-atomic

resolution
Hydrogen/deuterium Protein conformation and dynamics 136
exchange mass Protein-protein interactions, protein-small
spectrometry molecule interactions, and protein-RNA

interactions

157

Limited proteolysis- The identification of protein structural changes

coupled mass
spectrometry (LiP-MS)

Electron paramagnetic

resonance

Circular dichroism

Single-molecule FRET

experiment (microsecond-

millisecond time scales)

Molecular dynamic
simulations

Machine learning

directly in their complex
on a proteome-wide scale

biological context

Providing structural and dynamic information
about proteins in conditions similar to those of
their physiological environment

Rapidly evaluating the secondary structure,
folding and binding properties of proteins

Study the conformational heterogeneity and the
state-to-state transition dynamics of proteins on
the sub-millisecond to second timescales

A computer simulation method for analysing the
physical movements of atoms and molecules

Molecular dynamic protein structure prediction

158,

160

161

162

163

159
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Supplementary Table 2. Well-known website about enzymes

Website

Application

Aggrescan3D (http://biocomp.chem.uw.edu.pl/A3D2)

DeepSoluE
(http://lab.malab.cn/~wangchao/softs/DeepSoluE/)

NetSolP
(https://services.healthtech.dtu.dk/service.php?NetSolP)

Protein-Sol (https://protein-sol.manchester.ac.uk/)

Scaneer (https://sbi.postech.ac.kr/w/SCANEER/)

FuncLib (http//: FuncLib.weizmann.ac.il)

mCSM-lig
(http://biosig.unimelb.edu.au/mcsm_lig/prediction)

FireProt (https://loschmidt.chemi.muni.cz/fireprot/)

iStable 2.0 (http://ncblab.nchu.edu.tw/iStable2/)

PremPS

(https://lilab.jysw.suda.edu.cn/research/PremPS/)

DeepDDG (http://protein.org.cn/ddg.html)

Prediction of aggregation propensity in
protein structures and rational design of
protein solubility

Protein solubility prediction

Prediction of solubility and usability of
proteins expressed in E. coil

Prediction of protein solubility

Sequence co-evolutionary analysis to
control the efficiency of enzyme
reactions

Design and rank epistatic multipoint
mutants at enzyme active sites using
phylogenetic analysis and Rosetta
atomistic design calculations

Prediction of protein-ligand affinity
change upon mutation

Computational design of stable proteins

Prediction of protein stability by single
mutation.

Prediction of the effects of mutations on
protein stability

Prediction of the stability change of
protein point mutations using neural
network
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Supplementary Table 3. Enzyme engineering methods

Mutant methods

Special features

REFERENCE

Ep PCR (Erro-prone pcr)

DNA shuftling

OrthoRep

EvolvR

CasPER

Site-saturation mutagenesis

Combinatorial active-site
saturation test (CAST)

Iterative saturation mutagenesis
(ISM)

22c-trick

Introducing random mutations into a defined
long segment of DNA

Random recombination method to generate
mutant genes, relying on the similarity of the
DNA sequences

An orthogonal DNA polymerase-plasmid pair
in yeast that stably mutates around 1000,000-
fold faster than the host genome in vivo,
exceeding the error threshold of genomic
replication that causes single-generation
extinction.

Semi-random mutations in a small region
downstream of any genomic or plasmid site
that can be targeted by CRISPR-Cas9

A genetic engineering technique in molecular
biology by which the genomes of living
organisms may be modified

A random mutagenesis technique with a single
codon or set of codons is substituted with all
possible amino acids at the position

A method based on semi-rational selection of
two or more amino acids surrounding the
catalytic site and simultaneous randomisation
of these residue

Performing iterative cycles of saturation
mutagenesis at rationally chosen sites in an
enzyme with one to three composed amino
acid positions according to a Cartesian view of
the protein structure

A method for saturation mutagenesis with a
special mixture of three primers for creating a
degeneracy of 22 unique codons coding for the
20 canonical amino acids

164

165

166

167

168

169
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