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Metagenomics has yielded massive amounts of sequencing data offering a glimpse into the biosynthetic
potential of the uncultivated microbial majority. While genome-resolved information about microbial
communities from nearly every environment on earth is now available, the ability to accurately predict
biocatalytic functions directly from sequencing data remains challenging. Compared to primary
metabolic pathways, enzymes involved in secondary metabolism often catalyze specialized reactions
with diverse substrates, making these pathways rich resources for the discovery of new enzymology. To
date, functional insights gained from studies on environmental DNA (eDNA) have largely relied on PCR-
or activity-based screening of eDNA fragments cloned in fosmid or cosmid libraries. As an alternative,
shotgun metagenomics holds underexplored potential for the discovery of new enzymes directly from
eDNA by avoiding common biases introduced through PCR- or activity-guided functional metagenomics
workflows. However, inferring new enzyme functions directly from eDNA is similar to searching for
a ‘needle in a haystack’ without direct links between genotype and phenotype. The goal of this review is
to provide a roadmap to navigate shotgun metagenomic sequencing data and identify new candidate
biosynthetic enzymes. We cover both computational and experimental strategies to mine metagenomes
and explore protein sequence space with a spotlight on natural product biosynthesis. Specifically, we
compare in silico methods for enzyme discovery including phylogenetics, sequence similarity networks,
genomic context, 3D structure-based approaches, and machine learning techniques. We also discuss
various experimental strategies to test computational predictions including heterologous expression and
screening. Finally, we provide an outlook for future directions in the field with an emphasis on meta-
omics, single-cell genomics, cell-free expression systems, and sequence-independent methods.
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1. Introduction

1.1. The sequence-structure—function paradigm

The 1972 Nobel laureate in Chemistry, Christian Anfinsen,
ended his Nobel lecture with the line, “It is certain that major
advances in the understanding of cellular organization...will
occur when we can predict, in advance, the three-dimensional,
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phenotypic consequences of a genetic message”. Nearly 5
decades later, predicting the phenotypic consequences of
protein sequences remains a complex task. Significant progress
has been made on the three-dimensional prediction front,
however. In 2020, the deep learning algorithm AlphaFold2
achieved landmark results for the prediction of 3D protein
structure from primary sequence. In a rigorous blinded global
competition, AlphaFold2 averaged within 1.6 A of the truth,
achieving an error less than the width of one atom." To this
news, Frances Arnold, 2018 Nobel laureate in Chemistry, reac-
ted with, “Pretty impressive! Perhaps we can now move to the
protein function problem?”.

While accurate predictions for the 3D structures of many
proteins from primary sequence are now within our grasp,
understanding function from protein structure or sequence is
far from solved. Even for Escherichia coli, one of the most well-
characterized organisms on earth, >35% of genes lack experi-
mental evidence of function.> Moreover, the pan-genome, that
is, the complete set of genes found among all strains of E. coli is
estimated to contain >16 000 different families of homologous
genes.® By these estimates, E. coli is still considered to have an
open pan-genome since the species is undergoing constant
gene acquisition and diversification.* Our limited under-
standing of one of the world's most intensively-studied model
organisms® emphasizes the challenge in determining the
functions of coding sequences not from organisms grown in
monoculture in the laboratory but from metagenomic DNA
from complex environments.

1.2. Metagenomics: promises and perils

Metagenomics, a term first coined in 1998,° refers to the study
of environmental DNA (eDNA). This is not only limited to
natural environments in the classical sense, but to essentially
every sampling location conceivable, including the hindguts of
termites,” cheese rinds,® and the International Space Station.’
Enabled by

next-generation sequencing technologies,
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metagenomics quickly became a new scientific field in its own
right, contributing to exponential growth in the size of
sequencing repositories. In 2007, still relatively early years for
metagenomics, a single study - the Global Ocean Sampling
Expedition - nearly doubled the total number of protein
sequences in public databases.'® The rate of increase in next-
generation sequencing has far surpassed Moore's law and
number of nucleotide base pairs (bp) in public repositories is
estimated to reach exabase-scale (10'® bp) well within the next
five years."

One of the major advantages of metagenomics is gaining
access to genetic information about the uncultivated majority of
microbes which still largely lack functional characterization.
Metagenomics studies have reshaped our view of the tree of
life™*** and led to the identification of deeply rooted and
metabolically-diverse lineages such as the DPANN archaea'® and
candidate phyla radiation.® Many uncultivated microbial phyla,
including ‘Candidatus Tectomicrobia’,"” ‘Eelbacter’*® and
‘Angelobacter’*® have had remarkable biosynthetic potential
revealed by metagenomics. In the case of ‘Ca. Tectomicrobia,’
heterologous expression enabled the experimental character-
ization of new biosynthetic pathways and products.'**>*
However, the tantalizing promises of discovering new enzy-
mology from metagenomes goes hand-in-hand with the chal-
lenges discussed in Section 4.2 of working with DNA from
organisms that have eluded laboratory cultivation.

In this review, we aim to provide a bird's-eye view of tools and
strategies for metagenomic enzyme discovery. We emphasize
enzymes involved in natural product biosynthesis, but many
proteins outside of biosynthetic contexts will also be discussed
as examples for relevant discovery strategies. We will also cover
a number of examples from microbial isolates and highlight
techniques which may be useful in future metagenome mining
efforts.

1.3. Definitions for enzyme discovery

Before diving into methods, we will first attempt to define
metagenomic enzyme discovery. The simplest definition -
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characterization of new enzymes from eDNA - lacks sufficient
resolution. What exactly is a ‘new’ enzyme? In this review, we
conceptualize metagenomic enzyme discovery as a pyramid
with three tiers (Fig. 1). The tip of the pyramid, which we refer to
as de novo enzyme discovery, refers to the identification of
entirely new types of biocatalysts. In other words, de novo
enzymes must belong to protein folds or families without any
functionally characterized members. To date, most examples of
de novo enzyme discovery have come from culturable bacteria
and fungi rather than eDNA and uncultivated microbes. Yet it is
clear that there is significant unexplored diversity in protein
families identified from metagenomes. Wyman et al. recently
reported >118 000 different protein domain families currently
lacking functional characterization.”> About 6688 of these
families were conserved in at least two separate taxonomic
classes of organisms and ubiquitous in the environment
including Tara Oceans® and Human Microbiome Project™
metagenomes. This analysis was used to compile a ‘most wan-
ted’ list of unknown protein families for experimental investi-
gation.”” With regards to this most wanted list, it is interesting
to note that biosynthetic enzymes often have a more discon-
tinuous taxonomic distribution than primarily metabolic
enzymes.>*?® Therefore the remaining 111 312 protein domains
not on the list with a sparser taxonomic distribution may
actually be of greater interest for the natural products
community. Regarding de novo discovery of enzymes with new
structural folds, the Baker lab recently used metagenomic
sequences to model more than 614 protein families with
unknown structures, 137 of which have completely new protein
folds.>” This study and others predicting 3D structures from
metagenomic protein sequences® demonstrates that our
experimental survey of natural protein space is far from
complete.

The second tier in the pyramid, which we call ‘reference-
based enzyme discovery’, is the characterization of new reac-
tion types within the context of already discovered protein
families (Fig. 1). One recent example of reference-based enzyme
discovery is CreM, an ATP-dependent enzyme that installs diazo
moieties in cremeomycin.* CreM homologs are annotated in

De novo
enzyme
discovery

Functional
characterization of
proteins from completely
unknown families or folds

Reference-based
enzyme discovery

New functions found in

families with previously
characterized members

Enzyme expansion

Expanded properties
(temperature, pH, salinity,
\\_ solvent tolerance) of known
\_enzyme families

Fig.1 Tiered definitions of enzyme discovery. The hierarchical structure is not meant to reflect superiority of higher tiers rather it is a reference
to the relative number of metagenomic enzyme studies falling within each category.
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databases as acyl-CoA ligases but CreM from Streptomyces cre-
meus was experimentally found to use nitrite to catalyze N-N
bond formation. Although functional discovery in this specific
case was not aided by metagenomics, this is one of many
reports of mis-annotated enzymes capable of catalyzing
unprecedented reactions within well-established enzyme fami-
lies.**** The distinction between reference-based and de novo
discovery, although seemingly subtle, comes with unique
challenges in each case. One major difficulty of de novo
discovery is to determine functions for ‘hypothetical proteins’
or ‘domains of unknown function’ without any reference points
for substrates, cofactors, or enzyme reaction classes. In
reference-based discovery, however, one or more characterized
enzymes within the protein fold or family is already known, but
the newly discovered enzymes are actually functionally diver-
gent. The comparison between these tiers is somewhat analo-
gous to bugs in computer programming. In the de novo tier, an
error is thrown with the cryptic error message: ‘hypothetical
protein’. In reference-based enzyme discovery, the analogous
situation is more like a ‘hidden bug’ in that the software func-
tions normally and transfers functional predictions to proteins
based on homology, but the functional annotation is incorrect.

The base of the pyramid in Fig. 1, representing the largest
fraction of metagenomic studies so far, refers to the discovery of
enzymes with different substrate specificities or preferred
reaction conditions including temperature, pH, salinity, or
solvent preferences. Although often described as ‘enzyme
discovery’ in the literature, we will refer to cases where the
properties of a known enzyme class are extended as ‘enzyme
expansion’ for clarity. Perhaps the most famous example of
enzyme expansion is the highly thermostable Taq polymerase
from Thermus aquaticus.*® Substitution of the E. coli DNA poly-
merase with T. aquaticus polymerase for improved polymerase
chain reaction (PCR) efficiency is viewed by many as one of the
key breakthroughs that advanced the modern field of molecular
biology. Although Taq polymerase was discovered before the
advent of metagenomics, mining eDNA from extreme environ-
ments such as hot springs or hydrothermal vents to identify
‘extremozymes’ remains a useful strategy, particularly for
industrial applications. Enzyme expansion studies are exten-
sively reviewed elsewhere,*** and will largely not be covered
here so as to focus on biosynthetic novelty.

1.4. Caveats and assumptions

Some important caveats must be mentioned for the scope of
this review. We will focus on mining metagenomes for naturally
occurring enzymes and will not cover non-natural enzymes
accessed through engineering or directed evolution strategies.
We will also focus mostly on bacterial enzymes encoded in
biosynthetic gene clusters (BGCs) since these have been the most
extensively studied by the natural products community, but we
must emphasize the vast underexplored diversity of enzymes
from archaea, fungi, plants, and other eukaryotes. Characterized
biosynthetic enzymes from plants and other non-fungal eukary-
otes are especially lacking. For example, the curated Minimum
Information about a BGC (MIBiG) database (version 2.0)*

This journal is © The Royal Society of Chemistry 2021
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contains >1500 experimentally characterized BGCs from
prokaryotes but less than 30 from plants and other eukaryotes,
excluding fungi. This knowledge gap may be attributed to addi-
tional challenges of dealing with sequences from eukaryotes
including lower genomic coverage, fewer reference genomes,
exon-intron architecture, splice variants, unusual enzymology,
unclustered genes, RNA editing, and the lack of methods for
heterologous expression and gene inactivation. Moreover,
eukaryotes also have a significantly higher percentage of intrin-
sically disordered proteins with long (>30 amino acid) disordered
segments further complicating our understanding of the rela-
tionship between protein structure and function.®® Intrinsically
disordered proteins, small proteins and peptides, and protein
isoforms all lie in the gray area outside the classical field of
enzymology and thus represent exciting areas for future investi-
gation and potential enzyme discovery.

Another important albeit obvious caveat for this review is that
metagenomic DNA sequences are not fundamentally different
from genomic DNA obtained from microbial isolates. Both are
strings of nucleotides which come from biological systems.
Architecturally, BGCs from metagenomic samples are largely
indistinguishable from BGCs from the reference genomes of
isolates apart from sometimes being more fragmented due to
contig boundaries and errors introduced during assembly. Some
metagenomic BGCs even have homologous clusters in the
genomes of culturable organisms thereby offering promising
routes to characterization as we discuss further in Section 4.2.
Numerous studies have shown, however, that specialized
metabolism is often limited to specific taxonomic groups.*”*
Thus, many new classes of biosynthetic enzymes and their cor-
responding natural products from deeply-branching, unculti-
vated lineages are likely only accessible through metagenomics or
other cultivation-independent approaches.

2. Setting course: experimental
design for metagenomics studies

In this section, we aim to provide a roadmap of in silico and
experimental methods to access new enzymology from meta-
genomes with a focus on natural product biosynthesis. Although
the main emphasis will be on enzyme discovery from shotgun
metagenomic data, we will first provide a brief overview of activity-
guided and PCR-based methods which are collectively referred to
as functional metagenomics methods. Comprehensive reviews
focusing on functional metagenomics approaches for natural
products discovery are available,** therefore only a brief overview
of common methods is provided to allow comparisons with
shotgun metagenomic sequencing.

2.1. Activity-guided functional metagenomics

Activity-guided functional metagenomic library screening was
one of the earliest methods developed in the field of meta-
genomics.® This approach centers on the identification of
clones, e.g., from fosmid, cosmid, or artificial chromosome
libraries, that exhibit desired phenotypes. Common methods
for detection of enzymatic activity includes using antibiotic

Nat. Prod. Rep., 2021, 38,1994-2023 | 1997
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Table 1 Comparison of shotgun metagenomic sequencing with activity-guided and PCR-based functional metagenomics

Methods of
enzyme discovery

Shotgun metagenomic sequencing

Activity-guided screening

PCR-based screening

Pros

Cons

e Complete functional profile of an
environment

e Genomic context and taxonomy
obtained through binning/assembly

e Higher accuracy achievable with
proximity-guided assembly and
long-read sequencing methods

o Can be combined with other meta-
omics analyses

o Generally less biased than activity-
and PCR-based methods

e High sequencing depth required
to detect genes in low abundance

o Computationally-intensive
assembly and binning

e Challenging to infer function from
sequence alone

e Can lead to detection of new
enzymes or folds catalyzing known
reactions

o Well-developed methods to screen
for industrially-relevant enzymes,
e.g., lipases, cellulases

o Inexpensive

o Activity-forward method
guarantees enzymes are active and
express well in E. coli

e Limited to genes and small to
medium-sized gene clusters that are
expressed in the screening host

o Typically limited to types of
reactions that can be screened
rapidly

e Can requires specific high-
throughput screening equipment

e No taxonomic information

e Can only screen for one type of
reaction/function at a time

e Sensitive for low-abundance
sequences

e Detect variation within a single
gene family at the level of single
nucleotide changes

o Relatively inexpensive

e Requires conserved DNA motifs in
target sequences

o Not effective for detecting novel
enzyme seqences or folds

e Little to no taxonomic information

e PCR-bias against GC-rich
sequences

Short reads make gene cluster
context difficult to recover

resistance, zones of inhibition, or colorimetric or fluorimetric
readouts, as will be discussed further in Section 4.3. Since this
activity-forward workflow does not rely on sequence homology,
it is particularly effective for de novo enzyme discovery. Activity-
guided screening has also been widely used in enzyme expan-
sion studies, particularly for industrially relevant families
including lipases/esterases, cellulases/hemicellulases, -chiti-
nases, and amylases.*® There are a number of disadvantages
associated with activity-based screening for natural product
biosynthetic enzymes however (Table 1). Since many biosyn-
thetic enzymes require specialized substrates or cofactors,
general assays developed for primary metabolic enzymes are
unlikely to detect activity. Moreover, the number of hits can be
limited due to incompatibility in codon usage bias, metabolic
requirements, or low expression levels in library hosts. Despite
these limitations, activity-guided screening remains one of the
most effective and popular methods for sequence-independent
enzyme discovery.*!

2.2. PCR-based functional metagenomics

As the name suggests, PCR-based functional screening relies on
the use of degenerate primers for the amplification of genes
from eDNA coding for protein domains of interest. PCR-based
screening methods are highly-sensitive and throughput can be
enhanced through the use of pooling and deconvolution strat-
egies.”* Amplicon-based analysis of common biosynthetic
markers including adenylation and ketosynthase domains have
been used widely with success to detect new BGCs and natural

1998 | Nat. Prod. Rep., 2021, 38, 1994-2023

products.**** In a notable example, a completely new class of
calcium-dependent antibiotics, the malacidins, were detected
by PCR-based screening of adenylation domains from soil
metagenomes.” The major drawback of this approach,
however, can be summed up with the line, “you get what you
screen for”. PCR-based screening relies on sequence homology
to known biosynthetic domains thereby limiting the detection
of entirely new enzyme classes. Moreover, PCR-based methods
have inherent amplification biases against GC-rich sequences*®
and for low-abundance taxa. Short functional amplicons are
also typically not able to provide reliable information about the
taxonomy of the source organism or co-occurrence with other
neighboring genes (Table 1). To combat the latter, Libis et al.
reported an innovative method termed CONKAT-Seq which
relies on co-occurrence network analysis of targeted amplicon
sequences.** The core of the CONKAT-Seq workflow is position-
barcoded domain amplification followed by statistical analysis
of co-occurring biosynthetic domains to identify rare BGCs.
Amplicon sequencing is also a relatively low-cost technique
(Table 1). As sequencing costs continue to drop however, we
anticipate shotgun metagenomics will further advance as
a complementary alternative to functional metagenomics
methods for enzyme discovery.

2.3. Shotgun metagenomic sequencing

In contrast to the aforementioned methods, shotgun meta-
genomics refers to the direct, untargeted sequencing of eDNA.
Methods for shotgun metagenomic sample preparation,

This journal is © The Royal Society of Chemistry 2021
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sequencing, assembly, and analysis are covered in several
comprehensive reviews.”** Compared to functional meta-
genomics (Table 1), less bias is typically introduced during
shotgun sequencing since PCR amplification and library hosts
like E. coli are not required. Shotgun sequencing is also gener-
ally less labor-intensive and yields sequencing data much faster
than constructing metagenomic fosmid or cosmid libraries.
However, shotgun sequencing alone will not provide pheno-
typic information, thus downstream cloning and heterologous
expression steps are still required for biochemical character-
ization of enzymes from both shotgun and functional meta-
genomics methods. Some of the greatest challenges of shotgun
metagenomics includes the requirements for sufficient quantity
and quality of eDNA from complex environmental samples and
adequate sequencing depth to detect and correct errors in
individual reads. For the detection of BGCs from rare organ-
isms, new workflows such as Samplix technologies, offer
solutions for dealing with lower quantities of genetic material.
Samplix techniques rely on indirect capture and sequence
enrichment through microdroplet multiple displacement
amplification of unknown sequences that flank short, desired
detection sequences. Targeted enrichment methods for
sequencing can be especially useful where longer reads from
specific taxa or BGCs are sought from low amounts of eDNA.

Key disadvantages of shotgun metagenomics using Illumina
short-read sequencing, which is currently the most widely used
technology, includes the computational cost, limitations, and
inaccuracy of metagenomic assembly and binning. Complemen-
tary techniques for short-read assemblies such as Hi-C chromo-
some capture for proximity-guided assembly of short reads, have
been used to obtain improved genome-resolved resolution of cow
rumen® and human gut microbial communities.” Oxford Nano-
pore** and PacBio HiFi*® methods for long-read sequencing® can
also be combined with shortread sequencing to dramatically
improves the quality of (meta)genomic assemblies,” particularly
when dealing with large or repetitive BGCs. Regardless of the
sequencing method, one key advantage of direct shotgun
sequencing over large-insert libraries is that complete sequencing
datasets are typically deposited in public databases. This process
effectively crowdsources the analysis of metagenomes to different
research groups around the world. As an example, Tara Oceans, one
of the largest metagenomic sequencing initiatives to date, has
prioritized making all sequencing datasets with detailed environ-
mental metadata available for public analysis. Indeed, since the
research schooner, Tara, first set sail in 2009, over 100 papers have
been published by the project members alone. Different groups
around the world have further analyzed the released datasets to
probe countless aspects of global ocean ecosystems biology.® This
output demonstrates how a single meta-omics campaign has
contributed to research findings spanning the fields of ecology,
evolution, enzymology, oceanography, virology, biogeochemistry,
and more.

Compared to activity- and PCR-based functional meta-
genomics screens, the number of studies in which enzymes
were discovered from direct shotgun metagenome sequencing
data are still relatively rare. In a recent review of metagenomic
enzyme discovery in 2017, only seven studies identified new

This journal is © The Royal Society of Chemistry 2021
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enzymes through direct metagenomic sequencing compared to
>300 that used functional screening methods.*® With the
increasing accessibility of metagenomic sequencing data,
however, we predict the tide will continue to shift towards in
silico enzyme prospecting of shotgun metagenomes.

2.4. Parallels with natural product research

The balance between functional metagenomics and shotgun
metagenomics-driven enzyme discovery is somewhat analogous
to the changing field of natural products research. Historically,
microbial natural products were identified through activity-
guided bioassays from cultured organisms. After the initial
boom of discovery, re-isolation of the same natural product
types became commonplace, particularly for better-studied
taxa. In the post-genomic era, genome mining methods
coupled with heterologous expression and MS-based molecular
networking have emerged as powerful, complementary
approaches to bioactivity screening. These techniques are
useful for rapid de-replication of candidate compounds to limit
rediscovery.”® Nonetheless, new natural products continue to be
discovered regularly through classical bioactivity-guided
screening methods. Similarly, we anticipate activity-based and
PCR-based functional metagenomics techniques will remain
important pillars for enzyme discovery and expansion.
However, advances in bioinformatic algorithms and technolo-
gies applicable to shotgun sequencing data offers the promise
of new routes for enzyme discovery.

Specifically, we seek to highlight how enzymes involved in
natural product biosynthesis can provide useful handles for
combing through large-scale metagenomic datasets to gain
functional insights into the secondary metabolism of unculti-
vated microbes. Our reasoning for the utility of biosynthetic
gene products as handles is based on following criteria: (1)
biosynthetic genes tend to cluster together. This enables taking
a ‘guilt-by-association’ approach (Section 3.4) to predict enzyme
function from genomic information. (2) The ability to predict
chemical building blocks and moieties for many BGC types
provides critical clues into the potential functions and
substrates of biosynthetic enzymes. (3) Since secondary
metabolism evolved from primary metabolism, secondary
metabolic enzymes are particularly liable to be misannotated
based on homology transfer from their primary metabolic
functions. They are more likely therefore to be ‘hidden in plain
sight’ by catalyzing different chemical reactions than their
annotation suggests. Lastly, (4) natural products are some of the
most complex non-polymeric chemical compounds known on
earth. They also often contain a high number of stereocenters.
Therefore, scaffolds require an exceptional diversity of bio-
catalysts to install regio- and stereoselective modifications.
Amidst all this diversity, where do we begin?

2.5. Hotbeds for enzyme discovery

As a starting point, we will first ask the question, “are there
hotbeds for enzyme discovery?” More specifically, we will investi-
gate strategies to identify protein families with enriched bio-
catalytic diversity to increase chances of success for new functional

Nat. Prod. Rep., 2021, 38,1994-2023 | 1999
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discoveries. One strategy is to focus on structural folds that are
easily repurposed, such as the ubiquitous TIM-barrel scaffold used
by at least 15 distinct enzyme families.® Another route is to
investigate protein families that tend to be more promiscuous, that
is, they are able to catalyze one or more side-reactions in addition
to their main reaction. Extensive work by Tawfik, Copley, Thorn-
ton, and others have suggested alternative functions arise from
a combination of changes in the protein sequence that alter both
substrate binding and the overall chemical reaction.®*** In the case
of phosphatases and sulfatases, particularly promiscuous enzyme
families, Pabis et al. found that increased structural and/or elec-
trostatic flexibility in their binding pockets to allow more unspe-
cific accommodation of substrates.® Ding et al. and others have
proposed that enzymes with radical mechanisms may be more
promiscuous than other enzyme classes.”* Clearly, the reasons
underlying promiscuity are often enzyme family-specific,”> making
it difficult to draw broad generalizations about relationships
between enzyme evolution and biocatalysis. Regarding the
promiscuity of enzymes in natural product biosynthesis, we refer
readers to excellent recent reviews on secondary metabolic enzyme
evolution.>%

For this review, we sought to systematically explore the diversity
of different reactions catalyzed by common natural product
biosynthetic enzymes building on the work of Veprinskiy et al. and
others.”” We first extracted all protein family (PFAM) domains from
the MIBIG database® and quantified PFAM reaction diversity based
on the number of unique Enzyme Commission (EC) codes to the
level of two digits that were associated with each PFAM domain. EC
digits correspond to varying levels of resolution for enzyme classi-
fication. The first EC digits categorize enzymes into seven large
reaction classes: (1) oxidoreductases, (2) transferases, (3) hydro-
lases, (4) lyases, (5) isomerases, (6) ligases and (7) translocases. The
second digit covers broad reaction type, e.g., EC 2.7, the most
common reaction in our dataset, indicates enzymes that transfer
phosphorus-containing groups. Associations between 1931 PFAM
domains extracted from MIBiG and 8256 high-confidence ECDo-
mainMiner predictions® were cross-referenced and visualized as
a heatmap (Fig. 2). To constrain heatmap size, we only display
PFAM domains associated with 10 or more different EC classes (to
the level of two EC digits) and occurring in at least 30 different
BGCs in MIBIG. Fig. 2 highlights that oxidoreductases (EC class 1)
tend to have the highest number of distinct within-EC-class reac-
tions. Indeed, many redox enzymes including cytochrome p450
monooxygenases, aldo-keto reductases, short chain dehydroge-
nases, and Rieske oxygenases are known to introduce a wide variety
of modifications in natural product scaffolds.®*” In one notable
example, the NAD(P)H-dependent oxidoreductase, IkaB, works in
tandem with alcohol dehydrogenase-family enzyme, IkaC, for pol-
yeyclization of the complex macrolactam structure of ikarugamycin
(Fig. 4A).7>7

Cytochrome p450 monooxygenases stand in Fig. 2 as one of the
most promiscuous and the most prevalent PFAM domains in
MIBIG with over >1000 examples found in experimentally charac-
terized BGCs. Cytochrome p450s have been shown to modify
compounds from nearly every major natural product class™ and
also play a central role in xenobiotic metabolism and biodegra-

dation. Cytochrome p450s catalyze a dizzying array of
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transformations including epoxidation, N- and S-oxidation, C-C
bond cleavage, desaturation, and N-, O-, and S-dealkylations.”
Additionally, some naturally occurring cytochrome p450s catalyze
Baeyer-Villiger type oxidations or phenolic couplings.” A new class
of cytochrome p450 enzymes was recently reported to catalyze
biaryl linkages of tripeptides in a BGC containing the smallest
synthesized and post-translationally modified peptide (RiPP)
precursor-encoding gene (18 bp) reported to date.” Engineered
p450s have dramatically expanded beyond the limits of naturally
occurring biocatalysts to catalyze olefin cyclopropanation,”
carbon-silicon,”® and carbon-boron bond formation.” Structural
analysis of cytochrome p450 monooxygenases has provided
insights into the reasons underlying their remarkably wide reac-
tion range including the highly-reactive activated oxygen species
generated during the catalytic cycle and unusually dynamic
elements of the core protein scaffold.*

Transferases (EC class 2) also stand out in Fig. 2 as catalyzing
the highest number of across-EC-class reactions as well as
remarkable within-EC-class diversity. Among many possible
examples, we highlight radical S-adenosyl-.-methionine (SAM)
enzymes (PF04055) for their across-EC-class promiscuity.
Radical SAM enzymes are notorious for catalyzing C-C bond
formation and breakage to install diverse modifications across
awide range of natural product scaffolds.*® In particular, radical
SAM enzymes post-translationally modify many RiPPs through
epimer