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Mass spectrometry (MS)-based methods have been implemented extensively for enzyme engineering due

to their label-free nature,making them suitable for screening a wide range of biochemical systems. Over the

past decade, advancements in mass spectrometry, separation science, and the implementation of

hyphenated methods have allowed for more streamlined analysis of large volumes of samples while

maximizing the richness and dimensionality of the data collected. In this review we highlight recent

advancements in mass spectrometry that have allowed for more efficient, robust, and rigorous enzyme

engineering for various applications relating to natural products chemistry.
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1 Introduction

Natural products are invaluable entities to many industries,
including cosmetics, food, and pharmaceuticals.1–3 Due to the
broad applicability and structural diversity of natural products,
engineering their biosynthesis has become increasingly impor-
tant towards accessing the compounds themselves and creating
new analogues. The use of naturally occurring enzymes in
tandem with strain development and metabolic engineering
ry, University of California Santa Cruz,

76. E-mail: lmsanche@ucsc.edu

tucky, Lexington, KY 40506, USA

f Chemistry 2025
strategies has enabled the routine synthesis of complex and/or
notable natural products such as alkaloids, avonoids, fatty
acids, and various others.4–7 Advancements in the eld of protein
engineering have offered researchers a breadth of opportunities
for expanding access to natural products and analogues thereof,
and insight into their biosynthesis. However, a major bottleneck
to engineering biosynthetic enzymes is the scale at which this can
be performed and the analytical methodologies that are available
and compatible with high-throughput enzymatic screening.8–10

An increasingly popular approach to creating new chemical
diversity from natural product enzymes is to employ directed
evolution (DE). DE is a protein engineering method that mimics
evolution in a laboratory setting over a short period of time to drive
the activity of enzymes toward an intended, non-native biochem-
ical function.11,12 For example, ‘new-to-nature’ chemistries enabled
by heme protein DE efforts have led to development of efficient
biocatalysts for performing complex chemistries, such as cyclo-
propanation, and formation of carbon–silicon bonds.12,13 DE
entails performing iterative rounds of mutagenesis on a specic
gene, screening of genetic mutants (enzyme variants), and selec-
tion of variants that better perform the desired function.8 These
functional genes are then replicated and amplied, serving as the
starting point for subsequent rounds of genetic diversication,
screening, and selection. Methods such as random mutagenesis
(i.e. error-prone PCR, tandem repeat insertion, rolling circle
amplication, etc.) have enabled rapid generation of thousands-to-
millions of genetic mutants (upwards of 1010 mutants), thus
introducing adequate genetic diversity in short amounts of
Nat. Prod. Rep., 2025, 42, 1037–1054 | 1037

http://crossmark.crossref.org/dialog/?doi=10.1039/d4np00053f&domain=pdf&date_stamp=2025-06-16
http://orcid.org/0000-0002-0601-5460
http://orcid.org/0000-0002-9253-1479
http://orcid.org/0000-0001-6776-6455
http://orcid.org/0000-0001-9223-7977
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4np00053f
https://pubs.rsc.org/en/journals/journal/NP
https://pubs.rsc.org/en/journals/journal/NP?issueid=NP042006


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
fe

bb
ra

io
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

4/
04

/2
02

6 
16

:3
0:

53
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
time.8,14,15Onemajor limitation to DE efforts is that screening large
mutant libraries can be time-consuming and laborious, presenting
a need for high throughput screening (HTS) methods that simul-
taneously increase efficiency while lowering costs.8,14,16

Many conventional DE screening efforts have relied on visual
and/or optical methods for screening and selection of improved
enzyme variants. An early example of this comes from Chen and
Arnold, where subtilisin E, a serine protease isolated from
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Bacillus subtilis, was assessed for its activity in dimethylforma-
mide by measuring the halo formed around mutant B. subtilis
colonies resulting from the hydrolysis of agar-embedded casein
by engineered subtilisin E variants.17 Additionally, colorimetric
assays employing chromogenic substrates have been developed
to obtain a visual readout of enzyme activity. A popular example
is the use of X-galactose (X-Gal) as a substrate for measuring b-
galactosidase activity on solid media. The prex ‘X’ is an
abbreviation for the 5-bromo-4-chloro-3-indoxyl moiety on the
anomeric carbon of (X-)galactose, which dimerizes post-
hydrolyzation, forming a blue precipitate.18 Colonies with
a darker blue color are thus selected for subsequent rounds of
DE.19 These visual screening methods are generally cost effec-
tive and easy to employ, but are oen limited to specic enzy-
matic systems, rendering them inapplicable to a broader range
of experimental scenarios.

To further increase the limited throughput offered by these
manual screening and selection approaches, researchers have
employed automated screening and selection technologies such
as digital imaging (DI),20,21 microtiter plate workows,22–26 and
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microuidic (“lab-on-a-chip”) sorting devices in combination
with various optical assays to measure the readout of individual
enzyme mutants in an automated, high-throughput manner.
Currently, microuidic sorting devices, such as those used in
uorescence-activated droplet sorting (FADS),27,28 offer the
highest throughput for mutant enzyme selection, with sorting
rates as high as 30 000 droplets per second (1 droplet contains 1
enzyme variant). Multichannel microuidic devices are used to
suspend single cells expressing variant enzymes within aqueous
microdroplets containing the respective reaction substrate and
components. This allows for the enzyme reaction to occur
within each droplet during a short incubation period. The
microdroplets are emulsied within a steady ow of biocom-
patible oil and ultimately dielectrophoretically (DEP) sorted
based on the uorescence of the reaction products. Droplets
that induce uorescent signals that meet a specied uores-
cence threshold are sorted, and the variant enzymes they harbor
are prioritized for further rounds of DE.

While the discussed methods address the problem of
throughput, they all require the use of chromogenic, absorbent,
or uorescent reaction components which severely limits the
range of their applicability.14,29–31 Thus label-free approaches to
DE screening have become a necessity in recent years. Over the
last decade, mass spectrometry (MS)-based methods have
gained signicant traction for enzymatic screening due to their
label-free nature, making them suitable for screening a wide
range of biochemical systems without the need for extensive
optimization.4

In this review we discuss different MS-based approaches that
have been applied to screen the chemical products resulting
from various DE screening campaigns. A discussion of the
advantages, limitations, and throughput capabilities of MS-
based DE screening workows will be a major highlight
throughout. Additionally, we briey discuss alternative MS-
Fig. 1 Summary of the techniques discussed in this review.

This journal is © The Royal Society of Chemistry 2025
based HTS techniques employed for enzymatic reaction
screening in general, and highlight their potential for high-
throughput natural product DE screening (Fig. 1 and Table 1).
2 DE MS data interpretation

We will begin by addressing how mass spectrometry data is
typically interpreted for DE and other enzyme engineering
campaigns. The key driving component to these campaigns
from a data analysis standpoint can be summarized as follows:
with every change in genotype, there must exist an observable
change in phenotype. Additionally, phenotypic changes must be
detectable in a reliable manner, and directly traceable back to
the corresponding change in genotype. The most common
phenotypic change associated with engineered enzymes is their
small molecule products (i.e. the ‘chemotype’). The desired
change in chemotype can vary from case-to-case, but is typically
monitored through means of a substrate/product ratio, or the
production of m/z values correlating to new product species.
The reaction substrate(s) and product(s) must have a resolvable
mass difference in the case of mass spectrometry alone, or
differing retention times in the case of LC-MS.

Aer genetic perturbation (mutagenesis), mutant genes are
transformed into a microbial host (typically E. coli or yeast) that
subsequently acts as an ‘enzyme factory’ aer protein expres-
sion is induced, producing high amounts of the enzyme of
interest. Once a sufficient level of protein expression has been
achieved, the enzyme reaction is performed either in whole-cell
lysates, or in vitro with puried enzymes. Enzyme activity is then
most commonly assessed using LC-MS, where the reaction
substrate(s) and product(s) are monitored using extracted ion
chromatograms (EICs), extracting solely m/z values of interest
from complex reaction mixtures (Fig. 2A). If the change in the
chemotype is desirable, such as an improved substrate/product
Nat. Prod. Rep., 2025, 42, 1037–1054 | 1039
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Table 1 Summary of the techniques discussed in this review with highlighted examples of the different methodologies and considerations for
their implementation. For DE screening techniques, the primary analytical ‘figure of merit’ is often expressed as the speed of analysis (seconds per
sample in this case). The same remains true for the MS-based techniques discussed throughout this manuscript and in the table. It should be
noted that there aremany nuances regarding factors such as sample preparation and data analysis that can affect overall DE campaign length.We
have highlighted many of these nuances in the following sections. Lastly, access to MS instrumentation is the bottom line for any MS-based HTS
campaign. As such, accessibility of specific instrumentation should be the primary deciding factor when choosing an appropriate DE screening
approach

Technique Speed (seconds per sample) Advantages Limitations

Application examples

References

Visual techniques Not reported Inexpensive Relies on human selection of
‘hits’

17 and 19

Lower throughput compared
to other methods mentioned
below

Data is easy to interpret Not easily automated
Relies on a visibly observable
change in phenotype

Colorimetric microplates ∼8 Automated data collection
and analysis

Reaction scope limited to
those with uorescent
products

84

Minimal human
intervention

Limited screening capacity
Requires access to a plate
reader and sometimes
robotics

Digital imaging ∼1.2 Relatively inexpensive Reaction scope limited to
those with uorescent
products

21 and 85

Data is easy to interpret X-gal methods where side
product detection is
employed have higher risk
for false positives

Microuidics sorting ∼3.6 × 10−4 Extremely fast. Well suited
for extremely large mutant
libraries

Reaction scope limited to
those with uorescent
products

9

Screening devices must be
adapted/customized for
every biological system
screened

LC-MS 600–1200 for standard LC-
MS

Label-free Slow. Oen <10 variants per
hour of screening

86

High sensitivity The above raises challenges
in shared instrument
settings

Does not require
chromogenic substrate or
products

Access to expensive
equipment (i.e. MS
instrumentation)

Direct infusion ESI-MS 10–20 Label-free No online separation of
analytes

30, 87 and 45

High sensitivity Sensitive to ion suppression
from salts and buffers

Does not require
chromogenic substrate or
products

Access to expensive
equipment (i.e. MS
instrumentation)

LDI-MS 1–5 Label-free Matrix effects 14 and 60
High sensitivity Sample heterogeneity makes

reliable quantitation more
challenging

Addresses throughput
limitation of LC-MS

No online separation of
analytes

Does not require
chromogenic substrate or
products

Sensitive to ion suppression
from salts and buffers
Access to expensive
equipment (i.e. MS
instrumentation)

1040 | Nat. Prod. Rep., 2025, 42, 1037–1054 This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Data interpretation and variant selection for LC-MS-based DE
assays. (A) Schematic depiction of a total ion chromatogram (TIC) of an
enzymatic reaction mixture (top) followed by an EIC of the product
and substrate from the wild type (WT) enzyme (middle) and from an
enzyme variant with improved conversion to the product (bottom). (B)
Flowchart depicting the selection process for improved enzyme
variants. Variants that show a desirable change in chemotype are
chosen for further rounds of DE. Variants without improved enzyme
activity are typically ignored or discarded.
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ratio, the gene responsible for production of the engineered
enzyme variant is then sequenced, identifying specic changes
to the enzyme structure responsible for the favorable change in
activity. The gene is then isolated, amplied, and reintroduced
into the DE cycle, acting as the starting point (template) for
further mutagenesis, screening, and selection (Fig. 2B). While
this process is robust, it is time-consuming to perform lysate
reactions on large mutant libraries, and even more so to
perform in vitro reactions. The additional time required for
chromatographic separation and MS analysis of hundreds-to-
thousands of samples is also a notable challenge,14,15,32,33
This journal is © The Royal Society of Chemistry 2025
however several methods are discussed in the following
sections that address this.

It should be noted that Fig. 2 highlights the simplest
scenario depicting the detection of a single expected product. A
unique advantage of MS-based screening methods is the exi-
bility regarding the simultaneous monitoring of multiple
unique molecular species within a single analysis, this sets MS
apart from many of the screening methods discussed in Intro-
duction, which are oen limited to monitoring for a single
analyte in a given experiment. As long as resolution of the
analytes can be achieved (by m/z, retention time, and/or colli-
sional cross section in the case of ion mobility spectrometry),
multiple analytes can be monitored within a single MS experi-
ment. One approach coined ‘Substrate Multiplexed Screening’
(SUMS) leverages this advantage of MS to select for catalytically
promiscuous enzyme variants generated via DE. SUMS involves
screening enzyme variants with a mixture of substrates to
directly assess mutations that affect substrate preference and
scope.34,35 DE campaigns utilizing SUMS have relied on LC-MS
for analysis which impacts overall throughput. However, it is
worth highlighting that the compatibility of MS with multidi-
mensional, multiplexed analyses has allowed for signicantly
increased data richness from a single experiment (monitoring
of multiple reaction products) when compared to conventional
DE screening techniques, and has fostered the implementation
of unique screening approaches that extend outside the
conventional theme of improving enzyme activity for a single
substrate. Finally, MS-based screening approaches lend them-
selves to monitoring the formation of unexpected side products,
which represents a notable possibility when working with
variant enzymes. In this scenario, relative abundance of side
products could be factored into the selection criteria (i.e.
a desirable chemotype), allowing for more informed decisions
to be made related to the relative efficiency and/or promiscuity
of variant enzymes for a specic (i.e. intended) transformation.

3 Direct infusion/ESI methods

Electrospray ionization (ESI) is the most widely used ionization
technique in biochemical analyses.36–38 ESI is a so ionization
technique, meaning very little residual energy is retained by the
analyte(s) and limited fragmentation occurs upon ionization in
the source. This in turn allows for mass-to-charge (m/z) analysis
of intact analyte(s) and its compatibility with aqueous solvent
systems facilitates the study of biological macromolecules. The
mechanism(s) and fundamentals of ESI technology have been
discussed extensively in many notable review articles.39–41 In
short, the basic principle of ESI can be summarized in three key
steps: (1) production of charged droplets at the tip of the elec-
trospray capillary; (2) evaporative droplet shrinkage and charge-
repulsion-induced droplet dissociation; (3) the formation of gas
phase ions from these droplets. The resulting gas phase ions
then enter the mass spectrometer for analysis. One key advan-
tage to ESI is its compatibility with liquid chromatography
solvent systems, allowing for online separation of analytes prior
to MS analysis. It is important to highlight that this advantage
of ESI becomes its most notable disadvantage in the context of
Nat. Prod. Rep., 2025, 42, 1037–1054 | 1041
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HTS efforts: the implementation of chromatography drastically
reduces throughput. As such, there have been efforts to make
ESI more amenable to higher throughput analyses by exploiting
its compatibility with direct-infusion techniques. Pioneering
work from Reetz et al. showcases the use of direct infusion ESI-
MS to screen for enantioselective mutant lipases from Pseudo-
monas aeruginosa.42 Using a mixture of isotopically labeled
pseudo-enantiomers, or pseudo-prochiral compounds bearing
enantiotopic functional groups, the enantioselectivity (in the
form of enantiomeric excess) for a given asymmetric trans-
formation is determined by measuring the relative abundance
of reactants and/or products via ESI-MS. As highlighted by Reetz
et al., a variety of asymmetric transformations can be monitored
using this method, providing isotopically-labeled substrates can
be synthesized. While this can present a major challenge and
time constraint for DE campaigns, especially with increased
substrate complexity, Reetz et al. provide one of the earliest
implementations of non-chromatographic ESI-MS for high-
throughput screening of DE libraries, and highlights its accu-
racy and precision to conventional chromatographic tech-
niques, namely chiral gas chromatography (GC). With the
introduction of new ESI-MS technologies, researchers have
developed DE screening approaches that further streamline
sample preparation, eliminate the need for chemical perturba-
tion (isotopic labeling or derivatization), and allow for increased
rates of experiment acquisition, highlighted below.
3.1 DiBT-MS

Many MS-based screening approaches for biotransformations
in vitro or within microbial colonies require multiple liquid-
handling steps, oen including extraction, dilutions, and
chromatography for analyte separation, increasing the proba-
bility of systematic error while decreasing throughput. The
employment of ambient ionization techniques coupled to MS,
namely desorption electrospray ionization (DESI) has overcome
many of these obstacles, allowing for direct sampling of
analytical targets under ambient conditions. DESI was
Fig. 3 Truncated workflow for screening biocatalytic reactions and ident
and adapted with permission from Kempa et al.44 Copyright © 2021 Am

1042 | Nat. Prod. Rep., 2025, 42, 1037–1054
originally popularized for mass spectrometry imaging (MSI)
approaches to study the spatial distributions of chemical
species in a variety of biological systems, including metabolic
proling of microbial colonies.43 Yan et al. employed DESI
coupled with ion mobility spectrometry-mass spectrometry
(IMS-MS) to study the activity of ammonia lyases and P450
monooxygenases. Since this workow employed direct analysis
of the products from living microbial colonies, the methodology
was coined ‘direct biotransformation ion mobility mass spec-
trometry’ (DiBT-IMMS) (Fig. 3).30

Kempa et al. later expanded the application of DiBT-IMMS to
a HTS campaign of mutant phenylalanine ammonia lyases
(PALs) to enhance their activity toward the conversion of
electron-rich cinnamic acid derivatives to their noncanonical
phenylalanine counterparts via the enantioselective addition of
ammonia.44 A metagenomic PAL, AL-11 (GenBank accession
number: MW026687), was subjected to DE based on its
promiscuity toward a variety of substituted cinnamic acid
derivatives, namely di- and trimethoxycinnamic acids, which
are generally considered inactive with most PALs. Employment
of DiBT-IMMS for biocatalytic screening enabled an analysis
rate of ∼40 s per sample. While this is a longer acquisition time
than other ESI-MS techniques discussed below, this is primarily
due to the nature of the samples themselves and how they are
presented to the mass spectrometer. For DiBT-MS, biotrans-
formation reaction solutions are spotted onto membranes, and
directly analyzed using DESI-MS in a spatially-resolved fashion
omitting automated liquid handling and sample-cleanup steps.
This decreases sample handling and preparation time pre-
acquisition. Additionally, by acquiring data as a spatially-
resolved MS ‘image’, data visualization as a heatmap of rela-
tive product abundance is effectively incorporated into the data
acquisition itself, saving time post-screening while also
providing adequate sample coverage. These factors shorten
overall DE campaign length, despite the slightly increased
sample acquisition time required for DiBT-MS. This facilitated
rapid and comprehensive screening of three mutagenic PAL
libraries to identify key amino acid residues necessary for both
ifying improved phenylalanine ammonia lyase (PAL) variants. Reprinted
erican Chemical Society. Created with BioRender.com.

This journal is © The Royal Society of Chemistry 2025
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successful and enhanced conversion to the L-amino acid prod-
ucts. Engineering of AL-11 began with a point mutation of the
large polar ligand Q84 to several amino acids of varying size and
polarity. The mutation Q84V improved conversion of the
substrate to the target amino acid product by nearly 7-fold
compared to WT AL-11. To further expand the genetic diversity
of this engineering approach, three additional combinatorial
libraries were constructed using a degenerate codon set RBT
(coding for T, S, I, G, A, V), iteratively targeting neighboring
active site residues (N199, L196, L148, I400) in an activity-driven
manner. The authors were ultimately successful at engineering
AL-11 variants with enhanced activities, some capable of >99%
conversion of multi-substituted cinnamic acid substrates to
their corresponding L-phenylalanine derivative products. Most
hits harbored the L196Tmutation in combination with mutated
residue N199I, N199G, or N199V, which ultimately gave >95%
conversion of 2,3-dimethoxycinnamic acid to the respective
enantioselective amino acids. Additionally, Kempa et al. high-
light the use of IMS-MS for increasing condence in their
screening workow using an example from a separate panel of
mutagenized imine reductases (IREDs). While IMS can be used
to determine an analyte's collisional cross section (CCS), further
increasing condence in the identication of specic analytes,
it can alternatively be used as an additional mass lter when
coupled to MS systems. If the IMS device is tuned to monitor
within a specic mobility range, only ions that fall within this
specied range will be detected. Ultimately, this allows for
molecules that may have the same or similar m/z value (isomers
vs. isobars, respectively), but different CCS values from the
analyte of interest to be disregarded during the data acquisition
process. Doing so prevents false positives resulting from the
detection of m/z's that correspond to constitutional isomers or
isobaric species. In this example, Kempa et al. used traveling
wave ion mobility spectrometry (TWIMS) to lter a signal cor-
responding to an IRED substrate's second 13C isotopologue
peak (m/z 208; [M + 2]+ of the substrate). This approach pre-
vented false positives resulting from the detection of an isobaric
m/z value that did not correspond to the target analyte.
3.2 RapidFire MS

Another notable direct infusion ESI technique is Agilent's
RapidFire MS technology, which implements a solid phase
extraction (SPE) and desalting step prior to direct infusion of
the sample into the mass spectrometer. This removes unwanted
contaminants and reduces the complexity of the sample solu-
tion. While having no chromatography means analyte separa-
tion is dependent entirely on mass resolution (or IMS
separation if available), the acquisition time is reduced from 5–
30 minutes to as low as 10–20 s per sample.45,46 Unlike DiBT-MS,
RapidFire MS performs a sample-cleanup step, yet maintains
rapid DI ESI-MS acquisition. Again, this is primarily due to the
nature of the sample being analyzed. As explained in further
detail below, the samples analyzed in the following example are
solution-based and injected directly into the MS. As such, the
solution itself provides an averaged landscape for MS-analysis,
allowing for a robust assessment of enzyme activity from the
This journal is © The Royal Society of Chemistry 2025
collection of relatively few spectra (whereas DiBT-MS requires
collection of more spectra to increase condence in the
measurement of enzyme activity due to the nature of the sample
preparation).

With the aid of RapidFire MS screening, Zetzsche et al.
developed an engineered biocatalytic platform for the selective
cross coupling of phenolic substrates through oxidative C–C
bond formation.45 Biaryl compounds havemany uses pertaining
to drug design, materials science, and asymmetric catalysis, but
there are many challenges in their synthesis. Specically, metal-
catalyzed cross-coupling offering tunable site-selectivity comes
at the expense of extra synthetic steps and arduous optimization
of reaction conditions, with the formation of tetra-ortho-
substituted biaryl bonds remaining a notable synthetic chal-
lenge.45,47,48 Several classes of oxidative enzymes that mediate
the dimerization of biaryl natural products have been observed
from various natural sources including, but not limited to,
bacteria and fungi.45,49,50 Notable examples fall within the cyto-
chrome P450 enzyme superfamily, with many arbitrating highly
selective oxidation reactions, and a smaller subset catalyzing
site-selective and atroposelective dimerizations. Following
optimization, Zetzsche et al.45 were successful at expressing an
Aspergillus oxidative P450 enzyme, KtnC, in Pichia pastoris (now
classied Komagataella phaffi). Using this optimized biosyn-
thetic system, successful dimerization of the native coumarin
substrate was observed with increased formation of the ex-
pected biaryl product (Fig. 4).

The authors later expanded the scope of reactions toward
unnatural (non-native) biaryl cross couplings between non-
equivalent phenolic substrates with various patterns of substi-
tution. It was observed that WT KtnC catalyzed the formation of
various unnatural cross-coupled products with maximized yields
over dimerized products, so long as the stoichiometry was tuned.
KtnCwas also shown to tolerate a range of coumarins substituted
with various electron-rich and electron-decient functional
groups. However, as the substrates varied further in structure
from that of the native coumarin scaffold, a notable decrease in
cross-coupling activity and site-selectivity was observed.

Zetzsche et al. next sought to use DE to expand the activity of
WT KtnC and address the limitations of chemo-, site-, and
atroposelectivity associated with its biosynthetic capabilities.
Using a semi-rational approach, thousands of KtnC enzyme
variants were generated containing one or more substitutions
within 12 Å of the active site. Following transformation of the
mutant genes into S. cerevisiae (strain BY4742) on histidine
dropout agar plates (2% glucose), the resulting colonies were
inoculated into 96-well plates containing histidine dropout
minimal media (4% glucose). Following overnight incubation,
the cells were pelleted by centrifugation and the media
removed, followed by resuspension into histidine dropout
minimal media containing the reaction substrates. Aer incu-
bation for 2–3 days, reactions were quenched with methanol
and centrifuged. The resulting supernatants were subsequently
screened for enzymatic product formation using RapidFire MS
at a rate of ∼12 s per sample, not including blank injections
performed between each new sample to minimize carryover.
Peak areas of EIC's for internal standard, substrate, and cross-
Nat. Prod. Rep., 2025, 42, 1037–1054 | 1043
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Fig. 4 (A) Biotransformation reactions with S. cerevisiae are performed in 96-well plate format for high-throughput RapidFire MS analysis. (B)
Truncated schematic of RapidFire MS SPE cartridge system. Sample is loaded into the cartridge and the initial wash removes any salts and buffers
from the sample mixture. A secondary wash can be performed to remove molecules similar to the analytes of interest (not shown). An elution
solvent is then used to elute the analytes of interest for ESI-MS analysis. Finally, a re-equilibration step can be performed prior to the next
injection (not shown). (C) Observed activity of wild-type KtnC when attempting cross-coupling of 7-hydroxy-5-methyl-2H-chromen-2-one
with 2-naphthol. Site-selectivity is poor using the WT KtnC enzyme, resulting in high yields of isomeric products for both the biaryl coupling, and
dimerization reactions. Notably, without tuning reaction stoichiometry, formation of the dimerized product is favored in WT KtnC compared to
the target molecule and its associated isomeric products.
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coupled products were collected for each sample and the rela-
tive percent conversions were calculated. The average conver-
sion resulting from template reactions for each plate was set to
1.0, and the conversions for each variant were normalized to
that of the template, providing a readout of relative fold
improvement. Variants with increased conversion relative to
WT KtnC were selected for further DE. Over ve rounds of
evolution, nine active site amino acid substitutions were per-
formed (P142R, D322E, E329M, C331R, F336Y, G396W, R401Q,
S513R, V516M), generating the engineered KtnC variant, LxC5,
which was observed to have a 92-fold improvement in both
activity and site-selectivity toward the target product. However,
this did come at the expense of decreased atroposelectivity as
determined by orthogonal chiral reversed phase chromatog-
raphy. This limitation was addressed through two additional
rounds of DE to create the KtnC variant LxC7, which catalyzed
the cross-coupling to the target product in a 77 : 23 er,
improving atroposelectivity relative to LxC5 (52 : 48 er), but
decreasing overall reaction yield.
4 LDI-MS methods

Laser desorption ionization (LDI) MS based methods have
recently gained traction for increased sample throughput while
maintaining signal-to-noise levels, precision, reproducibility,
and exibility to monitor multiple products within a given
sample. Of the LDI techniques, matrix assisted laser desorption
ionization (MALDI) is by far the most common source used for
MS-based assays. Briey, in MALDI, the sample of interest is
mixed with an organic matrix and spotted onto a conductive
target plate. Upon laser irradiation, the matrix absorbs UV
1044 | Nat. Prod. Rep., 2025, 42, 1037–1054
energy from the laser, converting it to electronically excited
energy. This in turn transforms the solid co-crystallized matrix-
analyte mixture into the gas phase. The analyte molecules
become charged in the plume, and are accelerated into a mass
spectrometer for detection.51 Notably, MALDI-MS lacks chro-
matographic dimensionality prior to ionization. The benet to
this is high-throughput generation of MS spectra, with the
fastest applicable acquisition times at ∼1–2 seconds per
sample. The main limitation to this lack of dimensionality
however, is the presence of matrix and/or sample peaks that
oen overlap with signals of interest, particularly when
analyzing ions in the 200–800 m/z range.52 This has recently
been addressed with wider implementation of IM as a time-
scale-compatible method of ion resolution for MALDI-based
analyses.53–58 Additionally, limitations concerning sample
preparation have prevented widespread use of MALDI-MS for
HTS of enzymatic reactions, since many enzymatic screening
assays contain high levels of MS-incompatible components,
including salts, buffers, and various other additives.59

Advancements in MALDI sample preparation, and optimization
of enzymatic reaction conditions have largely been able to
address these limitations. For example, liquid–liquid parti-
tions60 and SPE61,62 have been adapted and implemented for
high-throughput, MALDI-MS-compatible sample cleaning
procedures. There are also various examples highlighted below
that use MALDI-MS to screen enzymatic reactions performed in
vivo, thus minimizing ion suppression resulting from common
components present in enzymatic reaction mixtures (lysates or
in vitro) altogether. In the following section we discuss a variety
of both MALDI dried-droplet and MALDI-MSI approaches for
HTS of natural product biocatalytic reactions.
This journal is © The Royal Society of Chemistry 2025
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4.1 MALDI dried-droplet MS

There are several examples in the literature that utilize MALDI-
TOF-based HTS for monitoring enzyme activity to uncover
enzyme drug candidates in situ.59,63 While these examples set
precedent for the use of MALDI-TOF MS for high-throughput
drug discovery via enzyme reaction screening, they are
employed as orthogonal approaches for measuring IC50 values
of human protein inhibitors, and are not specically relevant to
natural products. However, the quantication approaches,
internal standards, and use of positive and negative controls are
notable for how these HTS assays that are commonly employed
at pharmaceutical companies, might be extended to large
mutant libraries for natural product based applications.

Zhang et al. implemented an automated sample preparation
workow coupled to MALDI-TOF MS analysis to detect the
biocatalytic reaction products at a rate of ∼5 seconds per
sample.60 The generality of their sample preparation procedure
suggests this HTS workow could be applied to a variety of
biocatalytic systems with diverse substrate scopes so long as
a suitable matrix was chosen and the proper equipment was
available. In their study, Zhang et al. aimed to use DE to engi-
neer a cyclodipeptide synthase (CDPS) to produce novel dike-
topiperazine (DKP) products; CDPSs are recognized as
challenging targets for rational engineering approaches, and
DKPs can be useful pharmacophores.64–67 The CDPS AlbC was
central to the assay and utilizes phenylalanyl-tRNAPhe (Phe-
tRNAPhe) and leucyl-tRNALeu (Leu-tRNALeu) as substrates to
synthesize cyclo(L-Phe-L-Leu) (cFL) in its native host Strepto-
myces noursei. They successfully screened a random mutagen-
esis library consisting of ∼4500 CDPS variants within a week
using unlabeled MALDI-TOF MS analysis coupled to an inte-
grated, robotic workcell (Fig. 5).
Fig. 5 (A) Biosynthetic scheme of diketopiperazines by cyclopeptide s
method for directed evolution of AlbC in E. coli by Zhang et al.60

BioRender.com.

This journal is © The Royal Society of Chemistry 2025
This ultimately led to the discovery of an AlbC mutant that
produced a new cyclopeptide product (cFV), which revealed
a previously unknown residue (F186) that had a substantial
impact on the substrate specicity of AlbC. This result was
conrmed by further LC-MS and computational analyses of
AlbC clones harboring the samemutation (F186L). Additionally,
by generating and screening site-saturation mutagenesis (SSM)
libraries of AlbC, Zhang et al. were able to conrm the impact of
known mutations and reveal new specicity-modulating muta-
tions (T206F) in AlbC, further highlighting the utility of random
engineering approaches like DE, and the importance of broadly
applicable (unlabeled/untargeted) HTS methods for screening
challenging biochemical systems (Fig. 6).
4.2 Self assembled monolayers for matrix assisted laser
desorption/ionization (SAMDI)

Zhang et al. recently reported the evolution of a cytochrome
P450BM3 variant from Bacillus megaterium, known as cyto-
chrome P411, to perform selective alkylation of sp3 C–H bonds
through carbene C–H insertion, presenting an efficient bio-
catalytic approach for a challenging and valuable chemical
transformation.68 In the initial study, the reported reactions
required GC-MS for the detection of the reaction products, as
they do not contain suitable chromophores or uorophores.
Additionally, the substrates and products could not be reliably
coupled to chromo- or uorogenic co-factors without sacricing
enzyme efficiency or inhibiting downstream synthetic steps
(Fig. 7). These points highlight the importance of MS-based
techniques for the detection of specic enzymatic trans-
formations that may be otherwise spectrophotometrically
silent.
ynthase (CDPS) (B) truncated workflow of the MALDI-MS-based HTS
Copyright © 2022 Royal Society of Chemistry (RSC). Created with
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Fig. 6 Structural illustration of the substrate binding pocket of the wildtype AlbC and the mutants F186L and T206. Note: Panel (A) superim-
position of the WT with T206F. Panels (B and C) schematic representation of the hydrogen-bond and hydrophobic interaction between cFL WT
(B) and cFV F186L (C). Dashed lines indicate hydrogen bond (yellow) interactions. The key amino acid residues of WT, F186L, and T206F are drawn
as sticks in green, yellow and orange, respectively. Figure and caption reprinted from Zhang et al.60 Copyright © 2022 Royal Society of Chemistry
(RSC).

Fig. 7 Allylic sp3 C–H alkylation by cytochrome P411 followed by
subsequent synthesis of (+)-lyngbic acid. The enzymatic substrate and
products do not contain a suitable chromo- or fluorophore. Attach-
ment of a chromogenic moiety via the ethyl diazoacetate co-substrate
risks disrupting the biotransformation, and inhibits downstream
synthetic steps.
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With a goal of continuing to evolve this catalyst in a high-
throughput manner, Pluchinsky et al. sought the use of an LDI-
based methodology, ‘SAMDI’, to overcome the need for
1046 | Nat. Prod. Rep., 2025, 42, 1037–1054
chromatography while monitoring this reaction.14 SAMDI works
by applying MALDI to self-assembled monolayers (SAMs) that
assemble on a surface (gold) by adsorption. When the surface is
submerged in a solution of alkane thiolates, the sulfur atoms
coordinate to the gold in a densely packed array. The alkane
portion extends from the gold and can be functionalized to
provide surfaces with dened chemical reactivities.69 Pluchinsky
et al.14 utilized a gold-coated MALDI plate, which was soaked in
a solution of disulde alkanes functionalized with a mixture of
maleimide and tri-(ethylene glycol) functional groups, chosen
based on the chemistry available on the reaction substrate and
products. This generated a MALDI plate that, when lysate reaction
mixtures were spotted, selectively immobilized the reaction
substrate and product on the surface via a conjugate/Michael
addition. This allowed subsequent analysis of the analyte-alkane
thiolate conjugates by MALDI-MS.70 The researchers identied
the products by a corresponding change in mass of 86 Da and
integrated the peaks for the substrate and product to obtain
a reaction yield. For each of the libraries, heat maps were gener-
ated to exhibit the relative activities of the variants (Fig. 8).
Promising library members were run at an analytical scale and
their activities were validated using GC-MS. The variant exhibiting
the highest conversion to the desired product was then chosen to
be the template for the succeeding round of evolution.14

To identify enzymes with increased activity, iterative rounds
of random mutagenesis and screening were performed in E.
coli. Over three rounds of evolution, data for ∼5000 variants
were acquired. SAMDI screening was estimated to be ∼140-fold
faster than using GC-MS as the primary screening method. The
reproducibility of the technique was demonstrated by selecting
and scaling up one variant from the nal round of evolution to
be repeatedly screened using SAMDI. Overall, Pluchinsky et al.
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 SAMDI employed for HTS of cytochrome P411 variants. (A) Schematic representation of SAMDI. The thiol headgroup of functionalized
alkane thiolates coordinates to the gold surface of the MALDI plate, forming a SAM. The reaction substrate and product are subsequently
immobilized on the functionalized surface, followed by matrix application and MALDI-MS analysis. (B) Exposed thiols resulting from HCl induced
deprotection of (E)-S-(7-methoxyhept-5-en-1-yl) ethanethioate (substrate) and ethyl (E)-9-(acetylthio)-3-methoxynon-4-enoate (product) are
immobilized (covalently tethered) to the SAM via a Michael addition to the maleimide functional group. (C) MALDI analysis was performed,
specifically monitoring for the respectivem/z values corresponding to the thiolated substrate ([M + Na]+ = 1033.5861) and product ([M + Na]+ =

1119.6229). A mass shift of 86 Da is indicative of successful insertion of the ethyl acetate moiety onto the substrate via cytochrome P411.
Reprinted (adapted) with permission from Pluchinsky et al.14 Copyright © 2020 American Chemical Society. (D) High throughput visualization of
the MALDI-MS spectra represented as heat maps displaying mutants shaded and organized by relative fold improvement normalized by the
average of template controls on each respective 96-well plate. Specifically, reaction yield was calculated (yield= [product area]/[substrate area +
product area]) for each enzyme variant, and visualized relative to the average yield observed by the template control enzymes for each plate
screened. Reprinted and adapted with permission from Pluchinsky et al. Copyright © 2020 American Chemical Society.
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showed that SAMDI-MS analysis can be applied as an effective
and efficient DE screening technique.14 Given SAMDI's previous
applications in HTS and optimization of both synthetic71 and
enzymatic reactions,72–74 it is likely that SAMDI could be
employed to monitor a diverse range of biochemical trans-
formations relevant to NP enzyme engineering that are not
limited to uorescent probes or downstream signaling mole-
cules. The caveat to this is that the transformation being
observed must exhibit a corresponding change in mass between
the substrate and the product(s), and must contain a selectively
reactive functional group for covalent attachment to the reactive
headgroup of the disulde alkanes. Lastly, SAMDI does require
the use of MALDI plates specically modied for constructing
SAMs, however these have become commercially available in
recent years (Charles River Laboratories).
This journal is © The Royal Society of Chemistry 2025
4.3 MALDI MSI

As introduced above, mass spectrometry imaging (MSI) is an
advanced analytical technique that combines mass spectrom-
etry with spatial imaging, allowing for the visualization and
analysis of the distribution of molecules directly on tissue
sections or other surfaces. MALDI MSI is a technique that has
been applied to increase throughput and ease sample prepa-
ration requirements in the screening of enzymatic activities.75–77

MALDI MSI has enabled the screening of multistep enzyme
reactions directly from microbial colonies without the need for
lysis. Si et al. applied MALDI MSI to screen recombinant vari-
ants of a multi-enzymatic pathway for modied rhamnolipids
(RLs).75,78 RLs are naturally occurring biosurfactants produced
by certain bacteria, such as Pseudomonas aeruginosa. They are
composed of rhamnose sugar molecules linked to hydroxy fatty
Nat. Prod. Rep., 2025, 42, 1037–1054 | 1047
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acids, which give them amphiphilic properties, allowing them
to reduce surface tension and act as an emulsier. RLs have
been extensively studied for their potential industrial applica-
tions. The transformants were plated on a lter membrane to
allow the simultaneous manipulation of many colonies.
Microbial cells were initially grown on PVDF (polyvinylidene
uoride or polyvinylidene diuoride) membrane lters on non-
inducing agar media to obtain individual colonies. Then, the
membrane was transferred to inducing plates to initiate enzyme
expression and target molecule production. This separation of
growth and induction phases allowed sufficient biomass accu-
mulation before diverting resources to enzyme production. For
MALDI-TOF MS analysis, colonies were imprinted onto
conductive indium tin oxide (ITO)-coated glass slides.
Imprinting the biomass onto a uniform target surface allowed
better cell-associated compound proling than directly
mounting agar cultures. Whole slide images of the transparent
MALDI targets were acquired using microscopy, and a python
script was used to generate laser coordinates for colonies for
automatic proling (Fig. 9c).

This method was rst applied to examine the substrate
tolerance of the biosynthesis for the antibiotic plantazolicin
Fig. 9 MALDI-MSI screening method (A) plantazolicin structure. Position
pathway for biosynthesis of rhamnolipids (RLs). Different variants synthe
saturation variations of b-hydroxydecanoyl-ACP. RhlB (rhamnosyltransfer
Recombinant variants of a multi-enzymatic pathway are constructed a
Escherichia coli. Colonies are grown on noninducing agar to accumulate
produce target molecules, minimizing uneven growth and fitness effects
glass slides, yielding better ion signals for cell-associated compounds
microscopy to generate laser target coordinates. This automated colony
MS. Select colonies are recovered for further characterization, such as D

1048 | Nat. Prod. Rep., 2025, 42, 1037–1054
(PZN), a linear azol(in)e-containing peptide member of the
ribosomally synthesized and post-translationally modied
peptides (RiPPs) family of natural products produced by Bacillus
velezensis. PZN is rst synthesized as an unmodied peptide via
translation at the ribosome. A trimeric heterocycle synthetase—
composed of the enzymes PznB, PznC, and PznD—then
converts select cysteine, serine, and threonine residues in the C-
terminal (core) region of the precursor peptide into thiazol(in)e
and (methyl)oxazol(in)e heterocycles through a series of cyclo-
dehydration and dehydrogenation reactions. These heterocycles
are then stabilized through a series of post-translational
modications, including additional oxidations catalyzed by
the dehydrogenase subunit, which converts thiazoline and
oxazoline intermediates into aromatic thiazole and oxazole
rings. This step is followed by dimethylation by PznL and leader
peptide cleavage mediated by the protease PznE, culminating in
the production of the bioactive natural product.79 Analogues of
PZN were assembled by site-saturation mutagenesis of the
precursor peptide gene at two non-cyclized positions (Fig. 9a).
Aer data collection, it was analyzed by t-distributed stochastic
neighbor embedding (t-SNE) analyses for unsupervised clus-
tering of spectra and manual examination, and the positions of
s that were modified are highlighted in red. (B) Two-step biochemical
sized by RhlA (rhamnosyltransferase 1 chain A) using chain length and
ase 1 chain B) catalyzes a condensation to formmonorhamnolipids. (C)
s plasmid DNA libraries and transformed into a production host like
biomass, then transferred to inducing plates to express enzymes and
. Colonies are imprinted on indium tin oxide (ITO)-coated, conductive
. (D) The slides can be imaged by bright-field and autofluorescence
finding precedes the addition of matrix and the analysis by MALDI-TOF
NA sequencing or liquid fermentation.

This journal is © The Royal Society of Chemistry 2025
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mutants were mapped to the plate. t-SNE is a dimensionality
reduction technique used to visualize high-dimensional data in
two or three dimensions. This method captures the data
structure by preserving local relationships, making exploring
clusters or patterns in complex datasets practical. Thirteen PZN
analogues, previously isolated by liquid cultivation and extrac-
tion, and ten previously unreported variants were detected.

Aer success with PZN, the screening method was aimed to
quantify changes in the relative abundance of rhamnosyl-
transferases (RhLs) reaction products by modifying enzymatic
specicities in the RhL biosynthesis pathway (Fig. 9b). Directed
protein evolution of a two-enzyme pathway for the biosynthesis
of RLs was carried out and two mutant strains, identied by
MALDI-TOF analysis, were conrmed to produce signicantly
different ratios of RhL products than WT. The authors showed
that this method can be both reproducible in multiple contexts
as well as improve upon the rapidity and cost with which the
mutants can be screened relative to traditional methods such as
automated liquid handling (5 s and $0.0065 versus 15 s and
$0.86, respectively).78

Another example of MALDI MSI for enzymatic screening can
be highlighted by its use for metabolic biosensing to map
enzyme activity of a G2PS1 type-3 polyketide synthase (PKS)
from Gerbera hybrida.80 Through their unique screening
approach, Xu et al. combine the scalability of microuidics
technology with the generalizability of MALDI MSI for assessing
enzyme activity (Fig. 10). G2PS1 natively catalyzes the biosyn-
thesis of triacetic acid lactone (TAL) via condensation of
a starter acetyl-CoA unit with two malonyl-CoA units, followed
by cyclization of the triketide chain. Importantly, it has been
shown that active site mutations in type-3 PKSs can drastically
alter the kinetics and scope of polyketide products, allowing
access to potentially novel product species.80–82 Since the G2PS1
PKS enzyme of interest in this study catalyzes molecules asso-
ciated with primary metabolism, the activity of the enzyme has
a direct inuence on the metabolite prole of the host, which
Fig. 10 Truncated schematic of the printed droplet microfluidics (PDM
enzymatic screening of G2PS1mutants by Xu et al.80 (A) Yeast cells harbor
minimal media solution. (B) Individual cells are encapsulated into aqueou
cells are collected into a 5 mL syringe and stored vertically in a shaking 30
(D) Droplets containing isogenic colonies are scanned at multiple wavelen
cell density are printed onto the custom glass MALDI slide into individual w
is subsequently sprayed over the printed MALDI slide. (F) Once dry, the
analysis.

This journal is © The Royal Society of Chemistry 2025
can be leveraged to detect enzyme activity even if the target
enzyme product is not directly observed. As such, this approach
can also be used as a general method to characterize a range of
products produced by engineered enzymes of interest.

First, a semi-rational G2PS1 type-3 PKS mutant library was
constructed, varying four key amino positions within or near
the substrate binding pocket (T199, L202, M259, L261). Ulti-
mately, the library consisted of 1960 codon-shuffled members
that were subsequently synthesized into a plasmid backbone
and transformed into Yarrowia lipolytica. Single cells were
encapsulated and cultured in 300 pL droplets to generate
isogenic colonies. This cultivation produced additional material
compared to a single cell, thus boosting MS signal and aiding in
the collection of reliable metabolomic data. The resulting
isogenic colonies were individually dispensed using PDM (∼30
minutes for 10 000 colonies) onto custom glass slides etched
with 10 000 wells (80 mm in diameter) with rounded bottoms to
concentrate the dispensed material to the center of each well
(Fig. 10E). With PDM, the encapsulated colonies are individu-
ally scanned at multiple wavelengths, allowing only those
within a narrow cell density range (corresponding to a specied
optical threshold processed by a eld-programmable gate array)
to be dispensed onto the glass slide (Fig. 10C). Finally, the glass
slide is dried and spray-coated with matrix, ultimately being
subjected to MALDI MSI analysis betweenm/z 30–630 (Fig. 10F).
The authors note that higher capacity slides with the dimen-
sions of a standard MALDI target plate can also be constructed,
allowing for up to 100 000 wells.

Since MS is used for analysis, information on many mole-
cules within the host cells can be obtained, enabling discovery
of unexpected enzyme activities. To visualize and identify these
varying enzyme activities, Xu et al. plot variations in the
metabolome of the cells as a Uniform Manifold Approximation
and Projection (UMAP), which visualizes high-dimensional data
within a single plane while preserving clustering information.
Through UMAP analysis, four clusters were observed, each
) – MALDI MSI sample preparation and analysis workflow used for
ingmutant G2PS1 genes are suspended in aqueous yeast nitrogen base
s droplets suspended in fluorocarbon oil. (C) The encapsulated single
°C incubator for 5 days to form isogenic colonies within each droplet.
gths and sorted based on cell density. (E) Droplets containing a uniform
ells and allowed to dry. 2,5-dihydroxybenzoic acid (DHB)MALDImatrix
slide containing 10 000 variant enzymes is subjected to MALDI-MSI

Nat. Prod. Rep., 2025, 42, 1037–1054 | 1049
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Fig. 11 The smallest condensation/cyclization products typically produced by type III polyketide synthase include triacetic acid lactone (TAL, the
native product of G2PS1), formed from one acetyl-CoA and two malonyl-CoA, and 6-acetonyl-4-hydroxy-2-pyrone (AHP), formed from one
acetyl-CoA and three malonyl-CoA. Schema adapted from Xu et al.80
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representing groups of cells with distinct, yet related, metabo-
lite proles. Upon mapping the m/z for the target polyketide
(TAL, m/z 127), it was observed that one large cluster repre-
sented productive G2PS1 mutants biosynthesizing varying
amounts of the TAL product. Through further analysis of the
generated UMAP, cells within a separate prominent cluster were
shown to produce high amounts of another metabolite corre-
sponding tom/z 169. Using LC-MS/MS, this mass was conrmed
to correspond to another reported alternative product of G2PS1,
6-acetonyl-4-hydroxy-2-pyrone (AHP). Approximately 50mutants
from each cluster were selected for sequencing and results were
validated by re-transforming and testing several mutants in
bulk analyses using LC-MS. From their initial mutagenesis
campaign, mutant TLMV (differing from WT G2PS1 by the
mutation L261V) was observed to have high selectivity for the
TAL product, with a 1.62-fold improvement in activity over WT
G2PS1. Conversely, mutant TLIG (differing from WT G2PS1 by
the mutations M259I and L261G) was observed to have high
selectivity for the AHP product, with a 52.1-fold improvement in
activity over WT G2PS1. Taking the observed mutations and
their relative production of TAL and AHP into account, Xu
et al.80 used a consensus design approach83 to engineer the TLLL
mutant (with all key active site residues remaining the same
relative to the WT, with the exception of the mutation M259L)
which showed a 1.98-fold increase in production of the TAL
product, and a 17.4-fold increase in production of the AHP
product relative to the WT (Fig. 11). Ultimately, these results
support that generation of specic enzymatic products can be
inferred by clustering metabolomic proles of the hosts,
without directly clustering the m/z values of the products
themselves. This also allows for a more generalized
1050 | Nat. Prod. Rep., 2025, 42, 1037–1054
metabolomic analysis that could potentially be expanded for the
assessment of promiscuous (engineered) enzyme activity
without the use of time-consuming analytical screening tech-
nologies. It is important to note that this approach may not
obtain the same results when analyzing enzymes that do not use
endogenous substrates associated with the hosts' primary
metabolism. Finally, it should be highlighted that this approach
requires specialized equipment that extends beyond access to
a MALDI-MS instrument alone. As stated previously, custom
glass slides must be constructed, and specialized soware for
selection of droplets containing adequate cell density must be
used. As with many microuidic devices, the physical prepara-
tion of the device itself requires highly specic conditions and
parameters for adequate sorting of droplets, which could
present further challenges to both access and implementation.
5 Forward-looking directions

With ongoing advancements in analytical technology occurring
onmultiple fronts, we posit that the eld of enzyme engineering
will see increased use of hyphenated analytical screening tech-
nologies in the coming years. Many of the limitations presented
by one analytical technique can be addressed by the imple-
mentation of another in regards to both screening and selection
of enzyme variants. Take microuidic sorting as an example:
microuidic droplet sorting has enabled HTS of water-in-oil
microreactions at unparalleled speeds and volumes compared
to automated well-plate screening approaches.88,89 However, we
belabor that many of these systems require specially designed
uorescent indicators that must be retained within the droplets
and are inert relative to the reaction being investigated so as to
This journal is © The Royal Society of Chemistry 2025
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provide assay-specic readouts. To address this limitation,
Holland-Moritz et al. coupled ESI-MS to microuidics dielec-
trophoretic (DEP) droplet sorting, aptly coining this method-
ology ‘mass activated droplet sorting’ (MADS).87,90 Droplets
containing a specied m/z with increased intensity relative to
droplets containing a WT or template enzyme are sorted and
kept for subsequent experiments. By incorporating ESI-MS as
the detection/screening method, the scope of reactions that can
be monitored and conversely selected for is greatly increased.
ESI-MS also eliminates extensive modication of the reaction
conditions and screening system as a whole, making it easier to
optimize conditions between different screening campaigns.
MADS has been shown to allow analysis of 0.5 samples per
seconds, but throughput is ultimately dependent on the scan
rate of the mass spectrometer used, as sufficient data points
must be collected across a single droplet for analysis.

While MADS has not yet been reported for de novo DE
screening and selection, Payne et al. assessed its application for
the selection of a previously engineered variant of a 4-hydrox-
yhydrodipicolinate synthase (DapA E84T) producing increased
amounts of lysine in vivo relative to WT DapA (Fig. 12).91 From
their test dataset, MADS offered a 2.9% false positive rate (i.e.
2.9% of droplets sorted into the ‘winning’ pool contained cells
expressing WT DapA), and an acceptably low false negative rate
of 4.3% (i.e. 4.3% of droplets sorted into the ‘waste’ pool con-
tained cells expressing DapA E84T). This level of accuracy is
consistent with widely used uorescence-based droplet sorting
techniques, such as FADS.27,28,91

These results suggest that utilizing mass spectrometry as the
detection/selection method in microuidic sorting campaigns
may be a viable option for screening challenging biocatalytic
transformations in a label-free, high-throughput manner.
Though just one example, MADS highlights the capabilities and
importance of leveraging the combined strength(s) of existing
analytical technologies to address the ever-evolving challenges
associated with HTS and DE campaigns.

Previously, we discussed the applications of IMS-MS in DiBT-
IMMS as a means of removing false positives.44 IMS-MS has
potential further applications beyond this as an efficient der-
eplication tool, such as quickly differentiating isomeric
compounds in DE screens. Prodiginines, for example, are
Fig. 12 Schematic representation of the MADS enzyme screening pipelin
DapA E84T are suspended into water-in-oil droplets and subsequently
colonies. The droplets are then split, allowing one portion to be analyze
spondingMS signal intensity. Selected droplets (“winners”) are resuspende
of the gene(s) and validation of activity by LC-MS/MS. Reprinted (adap
Chemical Society.

This journal is © The Royal Society of Chemistry 2025
a family of natural pigments produced by certain bacteria.
These pigments have been widely studied, including their
biosynthesis, for their promising wide range of biological
activities, including antibacterial, antifungal, anticancer, and
immunosuppressive properties.92 Prodiginines can exist in
various isomeric and tautomeric forms due to their complex
structure, which requires more lengthy liquid chromatographic
methods to separate and fragmentation, as well as NMR for
differentiation. Ramachandra et al. highlighted the differenti-
ation of these products through these methods recently.93

Marshall et al. highlighted using IMS-MS as a rapid alter-
native for differentiating prodiginines' isomeric forms. Colli-
sional cross-section (CCS) values were employed to differentiate
isomeric cyclic prodiginines and conrm their identities. The
measured CCS values for synthetic standards were matched to
theoretical CCS calculations (<2% difference), which shows
these types of differentiations could be made in the absence of
standards.94 This work demonstrates ion mobility's power for
rapid natural product identication, conformational analysis,
and HTS capabilities compared to traditional techniques.

The increasing advantages of using native and engineered
enzymes in chemical synthesis has made the eld of bio-
catalysis a vibrant, exciting, and dynamic scientic subdisci-
pline.95,96 As the chemical industry continues to adapt to the
growing presence of biocatalysis and how it can complement
traditional chemical methods,97,98 this also highlights the
importance of improving technologies to better identify and
characterize biocatalysts and enable their downstream appli-
cations. Advancements in microuidics,99 elegant multi-enzyme
cascade assays,100,101 the fusion of biocatalysis with photo-
catalysis,102,103 and the de novo design of novel biocatalysts104

highlight a handful of the landmark technological achieve-
ments in protein engineering and biocatalysis within recent
years. However, as emphasized throughout this article,
advances in MS techniques and modalities can provide nearly
universal support for DE campaigns while also considering
their individual needs. The versatility of MS ionization, detec-
tion, and resolution modalities alongside compatibility across
different biological and chemical matrices allows this tech-
nique to be broadly applicable across DE screening approaches.
MS-based DE screens are most benecial for biocatalytic
e as outlined by Payne et al.91 E. coli cells expressing either WT DapA or
incubated to allow the formation of droplet-encapsulated isogenic
d by ESI-MS. The other portion is sorted by DEP based on the corre-
d in fresh cell media for bulk culture, allowing subsequent phenotyping
ted) with permission from Payne et al.91 Copyright © 2023 American
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transformations that generate obvious differences in m/z
features or incorporate moieties with diagnostic isotope
patterns (like halogenases). However, the balance between
rapid screening and depth of sampling is more challenging
when assessing closely related chemical structures, including
regioisomers, atropoisomers, or enantiomers with identical m/z
values. Orthogonal validation is frequently required when
assessing these chemical products, showing that there is not
a ‘one size ts all’ model for the application of MS-based tech-
niques in DE campaigns. As MS technologies continue to evolve
themselves, it is exciting to see how this will continue to
enhance the discovery of novel biocatalysts and their reactions.

Finally, in surveying these literature associated with these
different screening approaches, a noted bottleneck and chal-
lenge for many technologies is a lack of integrated data analysis
capabilities for visualizing the output of these assays. This
complicates how the data is processed and visualized with each
individual campaign setting thresholds for hits. Creating
a vendor agnostic analysis approach would be highly benecial
to the continued development and implementation of MS-
based HTS DE assays. In surveying the literature and taking
into account best practice examples from pharmaceutical HTS
screening, use of internal standards to normalize the mass
spectrometry based readouts is highly benecial in the design
of these assays. In our own efforts, we have found the addition
of heavy internal standards to be highly critical in normalizing
the analysis when comparing the reactant to product ratios as
well as clearly dening positive and negative controls for each
assay. Synthesis of heavy internal standards to use for natural
products would still present a potential challenge in imple-
mentation at times. Overall, the number of high throughput
approaches is growing and the incorporation of orthogonal
separations, such as ion mobility, that add dimensionality
compatible with the MS time scales will facilitate the
measurement of these DE campaigns that keeps pace with the
genetic based approaches.

6 Conflicts of interest

There are no conicts of interest to declare.

7 Acknowledgments

This work was supported by the National Institute of General
Medical Sciences of the NIH award R21GM148870 (LMS and
SMKMc), K12GM139185 (CAF), and by National Science Foun-
dation grants IOS-2220510 (LMS) and NSF graduate research
fellowship program (RAS).

8 References

1 A. G. Atanasov, S. B. Zotchev, V. M. Dirsch, International
Natural Product Sciences Taskforce and C. T. Supuran,
Nat. Rev. Drug Discovery, 2021, 20, 200–216.

2 T. Ahmadu and K. Ahmad, in Bioactive Natural Products for
Pharmaceutical Applications, ed. D. Pal and A. K. Nayak,
Springer International Publishing, Cham, 2021, pp. 41–91.
1052 | Nat. Prod. Rep., 2025, 42, 1037–1054
3 D. J. Newman and G. M. Cragg, J. Nat. Prod., 2020, 83, 770–
803.

4 M. J. Volk, V. G. Tran, S.-I. Tan, S. Mishra, Z. Fatma, A. Boob,
H. Li, P. Xue, T. A. Martin and H. Zhao, Chem. Rev., 2023,
123, 5521–5570.
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