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Abstract: Cyclic natural products offer important, unique scaffolds and functionalities for the pharmaceutical
industry. They are produced by enzymes catalyzing a wide range of cyclization reactions. This large family of
enzymes creates distinctive cyclic structures via a variety of mechanisms naturally evolved for selectivity. In this
review, we aim to present an overview of these natural catalysts, the therapeutic compounds for which they
are involved in the production, as well as engineering efforts to tune them for anthropogenic needs in human
medicine. Biochemical methodologies commonly used for the discovery and engineering of enzymes will also be
highlighted, with an emphasis on enzymatic terpene cyclization and Pictet-Spengler-type cyclization.
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1. Introduction

Cyclic natural products (cNPs) have had a profound impact on
the pharmaceutical industry, whether through their direct use as
treatments or by their diverse scaffolds which have inspired and
enabled the development of novel classes of therapeutics. This is
perfectly exemplified by the P-lactam containing fungal natural
product penicillin, which is the most widely used antibiotic in the
world, and is estimated to have saved over 500 million lives.[!l

Natural products are generally impactful due to their
impressive diversity in structure and complex molecular
architectures, both increasing chemical spacel>3] and driving
drug discovery. These molecules are rich in chiral centers that
are selectively installed by biosynthetic enzymes, dictating the
activity of the final compounds.l* However, they are often difficult
to synthesize, requiring arduous processes for their production.

*Correspondence: Prof. Dr. A. E. Fraley, E-mail: afraley@ethz.ch
Department of Chemistry and Applied Biosciences, ETH Zirich, Ziirich, CH-8050

Furthermore, synthetic chemistry often requires harsh solvents
and reaction conditions that are not environmentally sustainable.
The aforementioned pitfalls can be mitigated by employing the
naturally producing biological systems, and the encompassed
enzymes, since they are stereo-, regio-, and chemoselectivel3-3]
and operate under mild aqueous conditions.[®]

This review will focus on various classes of enzymes that
generate chemical complexity in natural products via cyclization
reactions. An overview of their reactivity, biocatalytic properties,
as well as the methods used to study them will be presented. We
will also discuss engineering efforts and expand on two classes of
enzymatic cyclization under study in our research group: terpene
cyclases (TCs) and Pictet-Spenglerases (PSs). We will highlight
respective cNPs from these classes, their biosynthetic enzymes,
and their relevance in therapeutic production.

1.1 Traditional Terminal Cyclization Mechanisms in
Polyketide and Nonribosomal Peptide Biosynthesis

Polyketide synthases (PKSs) and nonribosomal peptide
synthetases (NRPSs) are large megasynthases comprising multiple
modules with distinct domains, each involved in the chain-like
elongation and modification of polyketide or peptide chains,
respectively. These enzymes are found across various kingdoms
of life and have evolved to produce molecules with unique cyclic
structures, functional groups, and functions (Fig. 1, red and
brown). For example, erythromycin A (1) is a member of the
macrolide antibiotic family!78! and the cyclization step catalyzed
by the terminal thioesterase domain (TE) greatly contributes to its
bioactivity.[%191 Daptomycinl!!-12] (2) is a lipopeptide made by an
NRPS and is active against methicillin-resistant Staphylococcus
aureus (MRSA) by disrupting multiple areas of the bacterial cell
membrane. Cyclosporine (3) is an immunosuppressant cyclic
peptide produced by a fungal host.l'3] The rigid structure of the
macrocycle enables the key interaction necessary for its functional
activity.['4]

1.2 Pictet-Spengler Cyclization

Pictet-Spenglerases (PSs) are crucial inboth plants and bacteria,
playing a key role in the biosynthesis of indole alkaloids (Fig. 1,
green).[15] PSs mainly accept aldehyde moieties, although a few
examples of ketone-accepting enzymes have been characterized.
They have been shown to catalyze the cyclization of various rings,
which are then further derivatized by tailoring enzymes.[!5-16]
Alkaloids are often found in plants, with the toxic indole alkaloid
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Fig. 1. Overview of select biomedically relevant cyclic natural products. The cyclized cores are highlighted by the type of enzymatic cyclization
reaction and are indicated as follows: green, Pictet-Spenglerase; violet, terpene cyclase; blue, Diels-Alderase; red, nonribosomal peptide synthetase

terminal domain; brown, polyketide synthase terminal domain.

strychnine (4) having a long-lasting impact on society due to its
activity as an antagonist of glycine receptors. The cyclized core
provides the necessary rigidity for effective interaction with
these receptors.['71 PS cyclized alkaloid natural products are not
restricted to plants and can also be found in bacteria. For example,
the tetrahydroisoquinoline natural product ET-743 (8§, also known
as Yondelis® or Trabectedin) which is an anticancer compound
produced by an NRPS that has evolved the ability to catalyze PS
reactions. ET-743 acts by blocking the DNA repair mechanism
and generating DNA breaks through the alkylation of guanine.8]
This DNA-binding ability is mediated by the formation of the
first tetrahydroisoquinoline core by the biosynthetic PS reaction.

1.3 Terpene Cyclases

Terpenes are a large class of compounds with high structural
diversity and multiple functions across different kingdoms of
life (Fig. 1, violet). They all originate from the same two C5
precursors: isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP), which are coupled via an isomerization
reaction and cyclized by terpene cyclases (TCs) to form core
scaffolds. A series of modifications incorporated by tailoring
enzymes serves to further diversify the terpenoid natural products.
There are several pharmaceutically relevant terpenoids, with the
plant-based paclitaxel (Taxol®, 6), a member of the diterpenoid
family, serving as a prime example. It functions as an anticancer
agent, whose ring system is essential for its mechanism of action
and tubulin binding properties that halt cell proliferation.[19-20]
Another plant terpenoid is artemisinin (7), discovered by Tu
Youyou, who was awarded a share of the 2015 Nobel Prize for its

discovery.2!l Artemisinin is widely used against malaria, with the
TC-mediated trioxane ring being essential for releasing the cyclic
peroxide required for its antiparasitic activity.[?21 The bacterial
pentalenolactones (8) are a family of gram-positive antibacterial
therapeutics whose stereospecifically generated tricyclic ring is
critical for their activity.[?3-24 Lastly, pleuromutilin (9) is a fungal
terpene that has activity against Staphylococcus aureus by acting
on the ribosome.[25-26]

1.4 Diels-Alderases

Diels-Alder reactions are key chemical transformations for the
[4+2] cycloaddition between a conjugated diene and a dienophile
that were long sought after in the enzymatic realm.[27-28] They
are challenging to define due to the difficulty in validating
enzyme involvement over spontaneous ring formation. However,
advances in the field have revealed the existence of numerous
Diels-Alderases (DAs) catalyzing both intra- and inter-molecular
[4+2] cycloaddition reactions.[29-311 One of the earliest cases of
DA in cNP biosynthesis was LovB (Fig. 1, blue).32331 LovB is
involved in the biosynthesis of the HMG-CoA reductase inhibitor
Lovastatin (10), and generates the bicyclic scaffold responsible
for its cholesterol-lowering activity.

2. Methods for Studying Enzymatic Cyclization

Understanding the basic biochemical underpinnings of
natural product production enables the ability to tune the
respective enzymes for incorporation into synthetic schemes. The
development of these engineered enzymes as biocatalysts requires
methodologies spanning multiple fields. (Fig. 2)
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Fig. 2. Overview of the experimental workflow for biosynthetic discovery
and biocatalytic development. Created in BioRender. Moore, E. (2025),
https://BioRender.com/8iwx88v.

The workflow often begins with bioinformatic approaches,
which can be applied in various scenarios, including searching
for genes encoding known bioactive compound production
or searching for homologous genes to a known biosynthesis
in new producers. Many times the proximity of the genes, or
encoding in biosynthetic gene clusters (BGCs) which mainly
occurs in microbes, can inform on the functionality and likely
final product. Given the limited ability to cultivate many natural
product producers, genes of interest are typically transformed into
a heterologous host such as the widely applicable Escherichia coli
(E. coli). Other systems, such as Saccharomyces cerevisiae and
Nicotiana benthamiana, are often used to study eukaryotic systems
that require additional considerations for protein production, such
as glycosylation and splicing machinery.

In general, characterization of the wild-type enzyme is
completed with the purified protein, enabling kinetic studies
to investigate how reaction rates change in response to varying
conditions. The final cyclized product is typically structurally
elucidated via a series of analytical experiments, such as gas
chromatography or liquid chromatography coupled to high-
resolution mass spectrometry, or nuclear magnetic resonance
spectroscopy (NMR) for compounds that can be isolated in the
pure form. The substrate scope of an enzyme can also be studied,
as greater promiscuity is frequently desired for its broader
applications in the pharmaceutical industry. For mechanistic
insight, the enzyme structure is often required and can be acquired
through various techniques, including X-ray crystallography,
cryo-electron microscopy (for larger complexes), and NMR (for
small to moderately sized proteins). Experimental structural data
also enables rational, structure-based protein engineering.34.35]

Another powerful tool is Al-based structural prediction, which
is becoming increasingly accurate.l30! These structural tools

enable the visualization of a reliable model of the catalytic pocket
and surrounding amino acids, as well as highlighting the various
interactions involved in substrate binding and catalysis. Pairing
experimental or predicted models with docking studies and
computational approaches (e.g. molecular dynamic simulations)
can provide a further basis for future engineering endeavours.
With both experimental and predicted protein structures, one can
perform mutagenesis experiments to understand the role of each
essential amino acid around the active site. In contrast, directed
evolutionl3738] involves the random, nearly all-encompassing,
integration of mutations and the selection of the relevant mutant,
which can then be subjected to multiple rounds of evolution until
the desired reactivity is achieved. Both techniques have had great
success in building more efficient and stable enzymes. One of the
key aspects in bringing biocatalysts to the forefront is an efficient
readout for analysis of mutants to ensure the intended change in
their reactivity, substrate scope, specificity, or stability, ezc.

3. Terpene Cyclases

There are over 95,000 known terpenoids, for which the TC
class of enzymes is responsible for forming the core architecture.3%
These cores can be broken down into the classes of monoterpenes
(C10), sesquiterpenes (C15 as in pentalenolactone (8)), diterpenes
(C20 as in pleuromutilin (9)), sesterterpenes (C25), and triterpenes
(C30), and these are built by two mechanistically distinct types of
TC: type I and type II. Current knowledge in the field indicates
that monoterpene and sesquiterpene units are uniquely cyclized
by type I TCs, whereas diterpene and sesterterpenes can be
cyclized by both type I and II TCs, and triterpenes are only
cyclized by type II TCs.[9 The type I and II TC activities can be
encompassed in monofunctional enzymes as well as structurally
similar bifunctional proteins encompassing both type I and type 11
activities. It was also observed that bacterial TCs often possess the
bifunctional protein structure, however, with only one functional
active site. The TC family is biosynthetically complex, and each
class has exceptions in which general rules cannot be applied.
In this review, we will highlight the class of diterpene cyclases
(DTCs) that are of interest in our group.

3.1 Type Il Terpene Cyclases

Type II TCs mediate acid-base cyclization without requiring
the elimination of the diphosphate group of the linear terpene
precursor.?] In diterpene production, this is typically the first
step in a series of core-forming TC-catalyzed reactions. In most
cases, the active site of the enzyme contains a DxDD motif that,
by acting as a general acid, allows for the protonation of the
terminal alkenes (11) or epoxide of the acyclic terpene. Variations
of this motif are common among type II TCs, especially in
those protonating an epoxide. The formed reactive carbocation
intermediate (not shown) is stabilized through interaction with
hydrophobic or aromatic amino acids. The carbocation can be
attacked by the nearby double bond, forming a bicycle and a new
carbocation (12), which can then further react via a cyclization
cascade. The carbocation is finally quenched by a water molecule
or basic residue within the active site (steps 12 to 13 in Fig. 3)13%

an

Fig. 3. Part of the pleuromutilin (9) diterpene cyclase mechanism (Pl-cyc), which contains both type Il and type |, is depicted. (28]

(13)

(14) (15)

Pleuromutilin (9)
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In diterpene biosynthesis, it is often observed that after a type
II cyclization, a type I cyclization occurs, accompanied by the
elimination of the diphosphate group, resulting in highly diverse
molecular structures.

3.2 Type I Terpene Cyclases

A type I TC is initiated by the ionization of the diphosphate
group to form an allylic cation intermediate (not shown).[0l The
aspartate-rich DDxxD motif binds to the bound divalent catons,
which are essential for the abstraction of the diphosphate moiety.
The neighboring double bond then attacks the carbocation (not
shown) and is precisely delocalized through a series of cyclization
reactions to form the carbocation 15 (Fig. 3). This carbocation 15
is stabilized by interactions with aromatic residues located near
the active site and is ultimately quenched by water (steps after
15).1411 Type I TCs often produce the corresponding fully cyclized
monoterpenes, sesquiterpenes, and diterpenes.3940:42]

3.3 Engineering of Diterpene Cyclases

The increasing knowledge about terpene cyclase mechanisms
and substrate promiscuity has led to the advent of TC engineering
for broadening the chemical space of these complex skeletons.
One avenue used for DTC engineering is to create novel skeletons
by prematurely stopping the catalytic chain of reactions. As
described in sections 3.1 and 3.2, the aromatic regions seem
to be responsible for carbocation stabilization in both type I
and type II DTCs, indicating that they heavily dictate the final
terpene structure.[31 There has also been a lot of effort made in
targeting the carbocation quenching steps. Recent work in DTC
rational engineering has shown that by diverting or preventing the
carbocation quenching step, novel scaffolds or a cyclized alcohol-
containing intermediate could be obtained.[3] This semi-rational
methodology used structural studies and docking experiments
to localize possible catalytic bases and mutate them. Another
avenue of engineering focuses on the DTC active site since even
a single amino acid substitution in the active site can reprogram
the enzyme.l394044451 The aforementioned engineering efforts
have built a higher knowledge of DTC enzymatic mechanisms
and potential for greater structural diversity spanning all TCs.

4. Pictet-Spenglerases

Pictet-Spenglerases (PSs) catalyze the condensation and ring
formation between an (-arylethylamine moiety and a carbonyl-
containing compound. The PS mechanism is as follows: the
amine of the f-arylethylamine moiety attacks the carbonyl
partner (aldehyde or ketone) (step 16 to 17 in Fig. 4). The
resultant hydroxyl group (17) is protonated and subsequently
eliminated, forming the key iminium intermediate (step 18 to 19
in Fig. 4). This intermediate is then intramolecularly attacked by
the nearby aryl group (step 19 to 20 in Fig. 4), resulting in the
formation of the bicyclic architecture, followed by restoration
of the aromaticity of the aryl group through deprotonation (step
20 to 21 in Fig. 4). The cyclized alkaloid core is often further
derivatized to create a variety of compounds. PSs mainly occur
as standalone enzymes, but this type of cyclization has also
been found to be catalyzed by the condensation domain of some
NRPSs in bacterial systems.

4.1 Pictet-Spenglerases as Standalone Enzymes
Standalone Pictet-Spenglerases are frequently employed in
the biosynthetic pathways of plant and bacterial natural products.
For example, strictosidine synthase (STR) is responsible for
the formation of the [-carboline moiety in strychnine (4)
biosynthesis.[*7-481 The mechanism of STR was elucidated by
the O’Connor group, who demonstrated that product formation
proceeds through a sequence of acid-base catalytic steps.
Specifically, the formation of the iminium ion intermediate is acid-
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Fig. 4. The general mechanism of the Pictet-Spengler reaction.

catalyzed (step 18 to 19 in Fig. 4), while restoration of aromaticity
is facilitated by base catalysis (step 20 to 21 in Fig. 4). Structural
analysis identified a key glutamate residue (Glu309) responsible
for mediating the acid—base transformations.

4.2 Pictet-Spenglerases in NRPS Systems

To date, NRPS Pictet-Spenglerases have only been found in
bacteria, specifically in the biosynthesis of some members of the
large tetrahydroisoquinoline (THIQ)™“! family, such as ET-743
(8).150-21 The mechanism of this particular PS is noteworthy due to
its ability to catalyze two or even three successive Pictet-Spengler
reactions, enabling the stepwise construction of the pentacyclic
core shared within the THIQ family.53 Via deletion of the C
domain of the structurally similar saframycin A PS, the Oguri
lab found that this is indeed the domain responsible for the PS
cyclization reaction.[3#! Furthermore, the fatty acyl chain attached
to the modified alanine (R? in Fig. 4) appears to be essential for
substrate recognition in the saframycin pathway.!5! A fatty acyl
chain length of C14 led to the expected product formation, while
the activity of C12 was significantly reduced, and activity was
completely abolished with shorter chain lengths. The specific
mechanism or interaction responsible for recognizing the substrate
remains unknown.

4.3 Engineering of Pictet-Spenglerases

Pictet-Spenglerase engineering has focused on expanding
the enzyme’s substrate scope to include aldehydes, ketones,
or functionalized f-arylethylamine moieties.[56-381  The
O’Connor group engineered STR to accept halogenated
tryptophan, which could serve as a chemical handle for further
functionalization.[56.59.60]

The modular architecture of NRPSs makes them highly
attractive for engineering efforts. Substitution of entire modules or
the adenylation domain responsible for the amino acid selectivity
allows for rapid diversification. These cut-and-paste methods have
become relatively popular in the field, with numerous successful
reprogrammed NRPSs existing.[61-63] However, this swapping
tactic is not always robust and often requires donor and acceptor
NRPSs to have similar characteristics such as GC content.[64]
Moreover, the disruption of interdomain connectivity and changes
in the overall structure and folding can lead to a reduction or
complete inhibition of activity. Engineering efforts have often
focused on the A domain, which is responsible for the specificity
of the amino acid; however, engineering can also occur at the C
domain.[%5.66] This foundation provides an intriguing proposition
to apply these principles to the engineering of PS-catalyzing
NRPSs. However, it must be considered that the condensation
domain sometimes fails at recognizing amino acids supplied by
the recombinant A domain.
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5. Outlook for the Use of Cyclization Biocatalysts in
the Drug Development Process

The use of enzymes in the pharmaceutical industry is still
limited torelatively simple enzymatic reactions, such as hydrolysis,
transamination,[®” ketoreductase, alcohol dehydrogenase and
recently, imine reduction, which Novartis utilized to produce
ZPL389.1081 The challenges associated with using more non-
standard enzymes involve issues with yield, throughput,[3.69.70]
and adherence to industry standards.”!] The pharmaceutical sector
requires high turnover rates for production-level biosynthesis.
Only a few examples of large-scale production have been achieved
using enzymes, for instance the use of hydrolases and lyases.[3-6%]

Incorporating a broader range of enzyme types into synthetic
schemes in the pharmaceutical industry is also vital for accessing
novel scaffolds that were previously challenging to obtain through
traditional synthetic chemistry. Additionally, using more diverse
enzymes could help lower reaction scale-up costs and promote
sustainability in certain processes.

One of the initial steps in the drug discovery process is screening
libraries. It has been shown that 83% of the unique ring systems
in natural products are absent from libraries due to our inability
to synthesize them,3721 and therefore, incorporating more ring-
forming or cyclization biocatalysts in our toolbox could expand
those libraries and allow for facile and rapid analog generation.

To the best of our knowledge, cyclases are yet to be used on an
industrial scale in their purified form for production of therapeutics.
Nevertheless, they have been applied in whole cell biocatalysis
or semi-synthetic methods30.73.74] for the production of building
blocks for drug-like molecules. The biochemical understanding
of cyclization-catalyzing enzymes and their mechanisms paves
the way for their use in the construction of complex chemical
architectures that were previously inaccessible via traditional
methods.

6. Development and Use of Cyclization Biocatalysts in
the Fraley Lab

The Fraley Lab at ETH Ziirich has a central theme of using
chemistry to understand the molecular complexity of living
systems. A main line of research within the group involves
understanding the biosynthetic development of complex
chemical reactions, such as that for terpene and THIQ natural
products, and deciphering the molecular-level intricacies that
facilitate the selectivity with which they are catalyzed. This work
requires a versatile work environment with specialties spanning
biology and chemistry with a pipeline from microbial and plant
cultivation, genetic manipulation, isolation and characterization
of metabolites, enzymology, and structural biology. With the
breadth of these expertises present in the lab, we pursue a common
goal of elucidating natural product biosyntheses and tuning the
responsible enzymes toward selective chemical transformations.

The methodologies described in this review represent the
overarching skillset applied in former work by the principal
investigator to characterize, for example, indole alkaloid and
polyketidebiosynthetic pathways.[>-781Thisincludes contributions
to the field of natural product biosynthesis and structural biology.
The classes of enzymes highlighted in this manuscript represent
the trajectory of the new natural products research group led by
Amy Fraley in the ETH Ziirich Department of Chemistry and
Applied Biosciences and the Institute of Pharmaceutical Sciences.
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