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Nature is a rich and largely untapped reservoir of small molecules, the latter
historically being the main source of new drugs. Three-dimensional structures of
proteins in complex with small-molecule ligands represent key information to
progress drug-discovery projects, in particular in the hit-to-lead phase. High-
throughput crystallography has been of extensive use in recent years, especially
to obtain crystallographic complexes of synthetic ligands and fragments.
However, the process of discovering novel bioactive natural products has
experienced limitations that have long prevented large drug-discovery programs
using this outstanding source of molecules. Recent technologies have contrib-
uted to the re-emergence of natural products in modern drug discovery. We
present the use of high-throughput protein crystallography to directly capture
bioactive natural products from unpurified biota chemical samples using protein
crystals. These routines, which are currently in use at the Brazilian Centre for
Research in Energy and Materials (CNPEM), are introduced with a description
of crystal preparation, automated data collection and processing at the
MANACA beamline (Sirius, LNLS, CNPEM), along with case examples of
bioactive natural product capture using protein crystals. The usefulness of this
pipeline, which accelerates the discovery and structural elucidation of both
known and previously unknown bioactive natural products, paves the way for
the development of innovative therapeutic agents, thus contributing to the new
era of natural product-based drug discovery.

1. Introduction

Natural products have been used since ancient times (Leonti
& Casu, 2013; Zank & Hanazaki, 2017) as primary sources of
innovative molecules, inspiring the development of new drugs
(Newman & Cragg, 2020; Wilson et al., 2020). Historically,
plants, and more recently microorganisms (van Santen et al.,
2022), have emerged as exceptional producers of diverse sets
of small molecules. Such chemical diversity is hardly achieved
by humankind due to our finite capacity to design and produce
such molecules, compared with the millions of years of natural
evolution. Chemical diversity is often related to biodiversity,
as different species can produce different molecules. Envir-
onmental pressures also drive the evolution and production
of molecules by living organisms, especially as defense and
communication tools in each microenvironment. These factors
contribute to the impressive chemical diversity of natural
products (Atanasov et al., 2021; Bruder et al., 2020; Grigalunas
et al., 2022). Consequently, megabiodiverse countries such as
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Brazil (Keil & Chase, 2019; Sabatini et al, 2022) are rich
sources of chemical diversity (Valli et al, 2018). Brazilian
biodiversity shines as a key as yet untapped source of chemical
diversity and bioactive molecules with great pharmacological
potential. Despite efforts to catalog and compile Brazilian
natural products (Pilon e al, 2017), many novel bioactive
compounds remain to be discovered in Brazil and other
hotspots of biodiversity around the globe.

In recent years, drug-discovery pipelines have become
increasingly reliant on innovative and automated solutions,
including high-throughput assays (target-based and/or cell-
based screenings; Macarron et al., 2011), synchrotron-based
(Thomas et al., 2019) and electron microscopy-based (Kiihl-
brandt, 2014; Robertson et al., 2022) structural biology, and
artificial intelligence (Wong et al., 2024). Successful results
have been achieved using structure-based drug design
(SBDD), with examples already in the clinic (Sabe et al., 2021;
Talele et al., 2010). More recently, artificial intelligence has
entered the scene, supporting the design and selection of novel
drug leads starting from novel protein-ligand complexes (Leit
et al., 2023; Sadybekov & Katritch, 2023). High-throughput
(HT) crystallography (Blundell et al., 2002) plays an important
role in the new era of SBDD, as hundreds of crystals can
be collected within a single shift (~12 h), quickly delivering
novel protein-ligand complexes to support innovative SBDD
(Bancet et al., 2020; Boby et al., 2023; Fan et al., 2020; Giinther
et al., 2021; Harriman et al., 2016; Mitcheltree et al., 2021;
Schiebel et al., 2016). Fragment screening has also evolved in
this sense, with six drugs already on the market (Bon et al.,
2022; Erlanson et al., 2016).

However, the integration between these cutting-edge
technologies and natural products has not yet reached its full
potential. Natural products are still underutilized as samples
in initial high-throughput screening (Wilson et al., 2020), even
though the chemical space accessed by natural product
libraries is much larger compared with typical libraries of
synthetic molecules (Bruder et al., 2020; Lachance et al., 2012;
Stone et al., 2022). Despite slower progress, many advance-
ments have been made in bioactive natural product-based
research, including automated liquid chromatography coupled
to tandem mass spectrometry-based (LC-MS/MS) untargeted
metabolomics (Wang et al., 2016), (meta)genome sequencing
and mining (Blin er al., 2021), natural product purification,
(bio)synthetic production of natural molecules (Huang et al.,
2023) and derivatives designed in one step and through faster
routes (Teufel er al, 2014). These advances have pushed
the re-emergence of natural product-based drug discovery
(Berlinck et al., 2019). Still, the main bottleneck in natural
product-based SBDD is the speed of obtaining protein-ligand
complexes, which cannot rely on natural product isolation and
is the longest and most resource-consuming step in bioactive
natural product drug discovery (Beutler, 2009).

Aiming to quickly obtain structural information on the
bioactive natural product molecule interacting with its biolo-
gical target, a similar approach to that presented in fragment-
based drug discovery (Huang et al., 2024; Kirsch et al., 2019)
can be used. In this sense, unpurified natural product samples

(as crude extracts and enriched fractions) can be rapidly
screened almost directly from biota samples of plants and
microrganisms using pre-fractionated natural product
chemical libraries (de Felicio et al, 2021; Thornburg et al.,
2018; Wagenaar, 2008; Wilson ef al., 2020). Once screened in
bioassays, the chemical samples found to be hits (the bioactive
biota samples, still in complex mixtures) can be directly
soaked with the target protein crystal. In this process, the
crystal itself acts as an affinity phase, trapping only molecules
with an affinity for a specific binding site as they pass through
the solvent channels of the crystal. This approach, which was
initially called ‘affinity crystallography’ (Aguda et al., 2016)
and subsequently ‘crystallographic capture’, has demonstrated
outstanding results in our hands, being able to capture
different classes of bioactive natural products in a myriad of
protein types of relevant therapeutic value. This is true for
both catalytic canonical sites (orthosteric sites) and novel,
sometimes previously unknown, allosteric binding sites.

This work introduces the HT crystallographic capture
approach for natural products, emphasizing HT crystallo-
graphy experiments conducted on the MANACA beamline at
Sirius (LNLS, CNPEM, Brazil), automated data processing
at CNPEM and use of the Pan-Dataset Density Analysis
(PanDDA) pipeline to highlight the presence of captured
ligands even at low occupancy in the crystal structure (Pearce,
Krojer, Bradley et al., 2017). The PanDDA approach is being
extended to natural product ligand capture in response to the
recent availability of pre-fractionated natural product libraries
(Trivella et al., 2022) and the growing need for the discovery
of bioactive molecules from biodiversity. The HT crystallo-
graphic capture approach can be further combined with recent
advances in LC-MS/MS untargeted metabolomics dereplica-
tion and bioactive compound ranking (Baskiyar et al., 2022;
Bazzano et al., 2024; Nothias et al., 2018). With these advance-
ments, a new era of bioactive small-molecule discovery is
envisioned to push the boundaries of natural product-based
drug discovery in the 21st century.

2. Materials and methods
2.1. MANACA beamline instrumentation

The MANACA (MAcromolecular micro and NAno Crys-
tAllography) beamline at Sirius (LNLS, CNPEM, Brazil) is a
fourth-generation synchrotron beamline with high photon
flux, micro-size and small beam divergence (0.44 mrad). The
beamline optics utilize an undulator source (Kyma) and a
double-crystal monochromator (Silll or Si311). This optical
configuration incorporates both vertical and horizontal
focusing mirrors, facilitating a versatile energy range from 5.6
to 20 keV. Additionally, the beam size is adjustable, ranging
from 100 x 80 to 20 x 20 um (horizontal x vertical). The
standard beam size at the sample position is 20 x 20 um, with
a photon flux of 5 x 10" photons/s/100 mA at 12.7 keV.

The experimental hutch of MANACA has a diffractometer
base equipped with a horizontal air-bearing goniometer
(in-house-developed) and an OAV microscope (BZOOM,
Arinax). The beam can be attenuated in steps of at least 1%
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over most of the energy range. The PILATUS 2M detector
(Dectris) is mounted on a separate base and can be positioned
at a distance of 85-1000 mm from the sample. These beam-
condition elements allow the user to optimize the setup to
collect the best data with regard to resolution and radiation
damage.

The automatic sample changer was designed in-house based
on a TX60 six-axis robotic arm (Stdubli) and a sample dewar
with capacity of three UniPucks (48 samples). This allows data
collection from more than 200 crystals per day. All of the
beamline user operation, on site or remotely, is performed
using the MXCuBE software (Gabadinho et al, 2010;
Oscarsson et al., 2019).

2.2. MANACA data collection and processing

The MANACA beamline currently offers conventional
cryogenic data collection (Nascimento ef al., 2021) and a new
room-temperature data-collection mode (to be published). An
in-house automatic data-processing pipeline (MNCAutoProc)
was developed in Python to process the data with minimal
user input. The current version includes data-reduction and
phasing options (molecular replacement, anomalous phasing
and rigid-body refinement). The pipeline is based on the XDS,
CCP4 and Phenix packages (Agirre et al., 2023; Kabsch, 2010;
Liebschner et al., 2019). It uses XDS and XSCALE for data
reduction and merging (Kabsch, 2010), Phaser for molecular
replacement (McCoy et al., 2007), SHELXC/D/E for anom-
alous phasing (Usén & Sheldrick, 2018) and phenix.refine for
data refinement (Afonine et al., 2012). Immediately after data
collection, diffraction images are automatically processed
without any user input. Two sets of data are generated: one
without any cutoff and another cut based on CC,), (Karplus &
Diederichs, 2012). All of the data processing is performed
using a dedicated queue with 200 threads at the high-perfor-
mance computing (HPC) facility at Sirius.

All of these setups and implementations, highlighting the
sample changer and data-processing pipeline, enable high-
content diffraction experiments, such as crystallographic
ligand screening, which were impossible on the former
beamline of the Brazilian Synchrotron.

2.3. Automated data preparation for high-throughput ligand-
map identification at CNPEM

Four custom scripts were developed to streamline data
preparation for PanDDA. After the crystallographic data
have been processed using MNCAutoProc, the first script
(01_hk1l_uncut_copy.sh) copies the uncut HKL file of
each collected data set from the crystallographic data-collec-
tion folder into a new folder named hkl_uncut. The HKL
files are then automatically renamed to a standardized format
using the second script (02_rename. sh). The third script
(03_aimLess_parallel.sh) generates merged MTZ
files by scaling all renamed HKL files, performing a resolution
cut at 1.5 I/o(I) and truncating them using AIMLESS (Evans
& Murshudov, 2013). Finally, the fourth script (04_data_
preparation.sh) uses a well refined PDB model and each

processed MTZ file to run automated molecular replacement
and refinement using DIMPLE (Wojdyr et al., 2013). The
refined reflection data have their missing reflections populated
to achieve 100% completeness using UNIQUEIFY, CAD
(Agirre et al., 2023) and phenix.maps (Liebschner et al., 2019).
The last script ends by copying the refined/populated MTZ
and the refined PDB files into a folder to be used by PanDDA
(Pearce, Krojer & von Delft, 2017) as input files. The last two
scripts run in a multithread manner by using the GNU parallel
package (Tange, 2018). The scripts are available as supporting
information.

Initial data analysis and ligand-map identification is
performed by the first PanDDA step, pandda.analyze. Event-
map visualization is performed using a customized Coot
(Emsley & Cowtan, 2004) window inside the pandda.inspect
step.

2.4. TMC case study

2.4.1. MA9 crude extract preparation, derived fractions and
TMC-95B isolation

The MAO strain was isolated from the plant Anthurium
loefgrenii and identified as the fungus Annulohypoxylon
moriforme (MA9) by Professor Andre Rodrigues from the
Universidade Estadual Paulista (UNESP, Rio Claro, SP)
based on morphological and molecular data.

The strain MA9 was grown and its compounds were
extracted and partially fractionated, allowing biological
screening and application of the crystallographic capture
approach. The bioactive compounds were isolated to confirm
their proteasome inhibition and chemical structures (Bazzano
et al., 2024). Briefly, the MA9 strain was inoculated in potato
dextrose broth (PDB) medium (10 1) in 500 ml Schotts bottles
with 250 ml medium for 14 days at room temperature (28°C)
in static mode. For extraction, ethyl acetate was added to the
culture medium (3x) and the organic and aqueous phases
were separated. The organic phase was concentrated under
low pressure at 35°C and the dried mass was dissolved in 95%
methanol/H,O and submitted to liquid-liquid partition with
n-hexane (3x).

The methanolic final extract (882 mg, MA9 crude extract)
was fractioned on a reverse-phase C18 column in a stepwise
gradient of HO:methanol, 9:1 (A), 8:2 (B), 7:3 (C), 6:4 (D),
1:1 (E), 3:7 (F) and 0:1 (G), totalling seven fractions (A-G).
Fractions MA9-11 (E) and MA9-37 (F) were grouped (frac-
tion E/F) and subjected to a new fractionation on a C18
column using a stepwise gradient of H,O/methanol, 7:3 (EF1),
6:4 (EF2), 1:1 (EF3), 4:6 (EF4), 2:8 (EF5) and 0:1 (EF6),
totalling six subfractions (EF1-EF6).

Fractions EF2-EF4 were grouped for separation by HPLC
(C18 InertSustain 5 pm column, 4.6 x 250 mm, GL Sciences)
with a gradient of 79:13:08 to 20:48:32 H,O:acetonitrile:
methanol over 45 min (flow rate 2.5 mlmin~"), yielding a
mixture of two peaks (Cl and C2). A new purification
procedure (C18 X-Terra 5 um column, 4.6 x 250 mm, isocratic
80:10:10 H,O:acetonitrile:methanol hold for 25 min, 55:25:20
at 25-35 min, flow rate 2.0 ml min~") resulted in the purified
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fraction C2 (TMC-95A/B, 1.9 mg, total yield of 0.2%). This
procedure was repeated once to accumulate mass for NMR
studies, starting with 181 of fungal culture, resulting in
equivalent yields of TMC-95A/B. Compounds were identified
by '"H and C, HMQC and gCOSY NMR measurements
(Bazzano et al., 2024). All fractions were submitted to
proteasome-inhibition assays and analyzed by UPLC-PDA-
MS/MS to select bioactive and similar samples, respectively.

2.4.2. BRA-346 crude extract preparation, derived fractions
and TMC-86A isolation

Streptomyces sp. BRA-346 was isolated from the tunicate
Euherdmania sp. (Bazzano et al., 2024; Domingues Vieira et
al., 2022; Furtado et al., 2021). As for MA9, the BRA-346
metabolic crude extract and initial fractions were obtained
and subjected to proteasome inhibition and to the crystallo-
graphic capture approach. Briefly, Streptomyces sp. BRA-346
was grown in Al medium supplemented with mycelial stock
for 48 h. 1 ml seed culture was then used to inoculate 100 ml
Al medium. The final culture was grown for seven days and
extract by ethyl acetate liquid-liquid partition. The resulting
biomass was filtered and phase-separated with ethyl acetate.
The organic phase was dried and the crude extract was
subjected to solid-phase separation. Crude extract and the
resulting fractions were dried and resuspended in DMSO to a
final concentration of 10 mg ml~" for biochemical assays.

To isolate TMC-86A, heterologous S. coelicolor M1146
epn/tmc BRA-346 was cultivated in A1 medium followed by
acidification and extraction with ethyl acetate. The organic
phase was filtered, dried and subjected to reverse-phase
HPLC. The bioactive component with m/z 343 was recovered,
dried and purified by UPLC. The chemical structure of the
bioactive molecule was determined by NMR analyses
(Bazzano et al., 2024; Domingues Vieira et al., 2022).

2.4.3. Proteasome-inhibition assays

Proteasome-inhibition assays were conducted as described
by Furtado et al. (2021). Each experiment was conducted in
triplicate. Results are expressed as percentage of the enzyme
activity obtained against the controls [positive controls for
enzyme activity (100%), vehicle DMSO; negative control for
enzyme activity (0%), reaction carried out in the absence of
the enzyme]. For ICsq curves, a serial dilution of the chemical
samples was used. Data were plotted and fitted with the
normalized response four-parameter equation implemented in
GraphPad Prism (GraphPad, San Diego, USA).

2.4.4. Yeast 20S purification and crystallization

Yeast proteasome purification was carried out as described
previously (De Souza et al., 2018). Briefly, S. cerevisiae lysates
were purified by ion-exchange and size-exclusion chromato-
graphy, with 25 mM Tris pH 7.4, 150 mM NaCl, 10 mM MgCl,,
1 mM DTT as the final buffer. The purified 20S proteasome
was concentrated to 20-40 mg ml™" and submitted to crystal-
lization trials using 100 mM MES pH 5.5-6.9, 8-18% MPD
and 20 mM magnesium acetate as the crystallization solution.

The hanging-drop method was used with VDX48 plates
(Hampton Research) filled with 200 pl crystallization buffer
in the wells and drops of 1.4 pl (1:1 protein solution:crystal-
lization buffer).

2.4.5. Soaking of proteasome crystals, data collection,
processing and refinement

Crystals were soaked overnight (18°C) with BRA-346 and
MAO9 samples: BRA-346 enriched fraction and TMC-86A, and
MA9 crude extract (fractions E/F and EF2) and TMC-95B,
each at 2 mg ml~", with a final solvent (DMSO) concentration
of 10%. The soaked crystals were harvested in nylon loops
(Hampton Research), quickly passed through cryoprotectant
solution (100 mM Tris pH 7.0, 20 mM magnesium acetate,
30% MPD) and flash-cooled in liquid nitrogen. X-ray
diffraction data sets were acquired at 100 K using the rotation
method on the W01B-MX2 beamline at UVX, LNLS, CNPEM
and Sirius, LNLS, CNPEM. Data reduction, phase recovery,
PanDDA protocol and refinement were applied as described
in Section 2.3.

2.4.6. LC-MS/MS data acquisition

The prepared chemical samples were analyzed by liquid
chromatography coupled to mass spectrometry using an
Acquity UPLC H-Class system (Waters) coupled to an ESI-
qQToF Impact IT mass spectrometer (Bruker). For sample
separation, a BEH CI18 analytical column (1.7 pm, 2.1 X
100 mm, Acquity, Waters) was used with a flow rate of
0.5mlmin~', a column temperature of 40°C and a sample
temperature of 20°C. All analyses were carried out in positive
mode in the range 30-2000 Da with an acquisition rate of
8 Hz. Ton-source chamber parameters were 500 V end-plate
offset, capillary at 4500 V, nebulizer at 4.0 bar and drying gas
flow (nitrogen) at 10 1 min~' with a drying temperature of
200°C. For MS/MS, the collision cell was 5.0 eV, with collision
energy in the range 20-70 V and an absolute fragmentation
cutoff of 1000. As a fragmentation rule, ions with m/z below
200 were excluded and the ‘active exclusion’ function was
enabled (precursor ions with more than three spectra had
their fragmentation blocked for 0.3 min or until the current
intensity:previous intensity ratio was greater than or equal to
1.8). In each elution, 10 mM sodium formate was used for
internal calibration.

3. Results and discussion

3.1. Pipeline for the crystallographic capture of unknown
bioactive natural products

The CNPEM pipeline for capturing natural products using
HT crystallography is summarized in Fig. 1. Using pre-
fractionated natural product libraries (de Felicio et al., 2021;
Trivella et al, 2022), high-throughput screening methods
(typically enzyme-inhibition assays) are employed to identify
natural samples with bioactivity in proteins (activators or
inhibitors). Hit samples are confirmed using the primary assay
in concentration-response curves. LC-MS/MS analyses are

182

Raphael Meneghello et al. -«

High-throughput crystallography for drug discovery

Acta Cryst. (2025). F81, 179-192



research communications

performed for all samples, aiming to characterize their
chemical contents (Bazzano et al., 2024). The confirmed hits
(crude extracts or enriched fractions of natural products,
which are still complex mixtures of unknown compounds) are
directly soaked with the target protein crystals, aiming to
capture the bioactive compound from the natural sample and
directly characterize its binding to the targeted protein.

Typical stock concentrations used for soaking natural
product bioactive samples with their target protein crystals
start at 100 mgml~" and can be adjusted based on crystal
stability. The final concentration in the crystal drops ranges
from 10 to 0.1 mgml~'. Recent upgrades to automated
soaking with an Echo 650 liquid handler (Beckman) at the
Compound Management Laboratory (LGC, LNBio, CNPEM,
Campinas, SP, Brazil) allow the soaking of a several hundred
crystals within minutes. Crystals are incubated for 4-48 h at
controlled temperature (4 or 18°C). Three or four crystals
soaked with each bioactive natural product sample are then
selected, harvested and cryocooled for data collection.

Conventional cryogenic data-collection experiments were
conducted on the MANACA beamline. Typically, each data-
collection run involved mounting 48 cryocooled crystal
samples on the UniPuck devices, which were subsequently
stored under liquid nitrogen within the beamline sample
dewar. The samples were mounted onto the goniometer head
using the six-axis robotic arm installed at the experimental
hutch. Crystal harvesting, alignment and data collection were
controlled through the MXCuBE3 web interface.

Data acquisition occurs at a cryogenic temperature of
100 K, with a monochromatic X-ray beam typically set to an
energy of 12.688 keV. Full data sets generally cover a 360°
oscillation range to guarantee data completeness and redun-
dancy, with a minimum angular step of 0.1° to provide fine-
slicing (Dauter, 2017; Mueller et al., 2012). A complete data-
set collection usually takes up to 6 min using 0.07 s of X-ray
exposure per image.

Automated HT crystallographic data processing was
designed to include three modules as described in Sections 2.2

and 2.3: the automated data-processing module MNCAuto-
Proc (on the fly), a data-preparation module comprising four
scripts and the automated event map obtained using PanDDA
(Pearce, Krojer & von Delft, 2017). After data collection at
the MANACA beamline, the complete CNPEM pipeline for
HT crystallographic data processing can be run within a day
for 100 natural product-soaked crystallographic data sets. The
data-preparation module takes about a couple of hours to
complete using a personal computer (eight-core processor and
16 GB RAM). The use of high-performance computing (HPC)
is recommended to run the PanDDA module. At CNPEM, the
PanDDA module takes 12-18 h to complete map calculation
for 100 data sets using a cluster with a dedicated queue with
150 threads and 4 TB RAM available at the Throughput
Enhanced Processing Unit (TEPUI), Computing Platforms
(COMP), Sirius, LNLS, CNPEM.

A set of crystallographic ground-state data sets must be
provided by the user to allow the calculation of PanDDA
maps. Conventionally, to attain a robust average ground-state
map and facilitate the extraction of PanDDA maps, the
collection of 40 apo data sets is recommended (Pearce, Krojer,
Bradley et al., 2017). These data sets are acquired under
comparable conditions and in the same space group as the
soaked data sets. This extensive set is deemed to be necessary
to ensure a representative sampling of the ground state,
enhancing the statistical robustness and reliability of the
resultant maps (Pearce, Krojer & von Delft, 2017).

Upon completion of the entire data processing, the user can
inspect the resulting event maps using Coot and an internal
PanD DA navigation tool to directly focus the structure on the
event blob.

3.2. Case examples: capture of TMC-86A (Streptomyces sp.
BRA-346) and TMC-95A/B (A. moriforme MA9) into yeast
20S proteasome crystals

We selected MA9 and BRA-346 as representative case
studies to demonstrate the application of our natural product
crystallographic capture methodology.

Natural Products
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Early bioactive NP
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X HKL files Script 01: copying HKL files Refined PDB
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Script 04: Automated MR and missing Refined MTZ matec figal
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Figure 1

Pipeline for crystallographic capture of unknown bioactive natural products. The CNPEM pipeline for HT crystallographic data processing is shown in
the bottom panel. It comprises three modules (green boxes), which include MNCAutoProc data processing, data preparation and automated ligand-map
identification with PanDDA. Input files for each module are described (purple).
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Table 1

Data collection and processing.

Values in parentheses are for the outer shell.

BRA-346 enriched

MADJ9 fraction

MADY fraction

fraction F48 TMC-86A MADJ extract E/F EF2 TMC-95B
Diffraction source Sirius, LNLS Sirius, LNLS UVX, LNLS UVX, LNLS UVX, LNLS UVX, LNLS
Wavelength (A) 0.9772 0.9772 1.458 1.458 1.458 1.458
Temperature (K) 100 100 100 100 100 100
Detector PILATUS 2M PILATUS 2M PILATUS 2M PILATUS 2M PILATUS 2M PILATUS 2M
Crystal-to-detector distance (mm) 250 250 180 217 272 216
Oscillation range per image (°) 0.1 0.1 0.2 0.5 0.2 0.1
Total rotation range (°) 360 360 158 180 349 360
Exposure time per image (s) 0.1 0.1 10 5 10 1.5
Space group P2, P2, P2, P2, P2, P2,
a, b, c(A) 117.51, 299.92, 117.31, 298.28, 131.96, 301.46, 134.89, 299.29, 135.37,299.67, 134.62, 299.91,
143.91 144.57 142.65 144.21 144.66 144.66
o By () 90, 108.43, 90 90, 108.79, 90 90, 111.98, 90 90, 112.78, 90 90, 112.89, 90 90, 112.6, 90
Mosaicity (°) i 0.13 0.10 0.12 0.57 0.29 0.14
Resolution range (A) 49.11-3.33 49.19-3.04 29.84-3.42 48.80-3.44 49.56-3.43 30.04-2.91
(3.39-3.33) (3.09-3.04) (3.54-3.42) (3.50-3.44) (3.49-3.43) (3.01-2.91)

Total No. of reflections
No. of unique reflections

394217 (19403)
132592 (6605)

1215367 (61188)
179850 (8943)

418357 (18869)
136674 (6705)

410932 (15789)
135780 (6315)

930824 (46154)
140402 (6840)

1591363 (79070)
228968 (11282)

Completeness (%) 96.5 (97.4) 99.9 (100)
Multiplicity 3.0 (2.9) 6.8 (6.8)
(Ilo(1)) 3.0 (1.1) 6.6 (1.5)
Rieas 0.483 (0.973) 0.283 (1.509)
Opverall B factor from Wilson 38.34 51.73

plot (Az)

98.4 (97.3) 97.6 (92.0) 99.3 (98.6) 99.2 (98.5)
3.1 (28) 3.0 (2.5) 6.6 (6.7) 7.0 (7.0)

72 (1.6) 6.6 (1.6) 6.8 (1.6) 74 (1.5)
0.190 (0.988) 0.215 (0.669) 0321 (1.285) 0.289 (1.647)
7321 63.54 68.00 4738

The MAO9 samples were obtained from A. moriforme
(MADY9), an endophytic fungus isolated from the endemic plant
A. loefgrenii found on the south-eastern coast of Brazil
(Bazzano et al., 2024). Initially, the MA9 crude extract (MA9
extract) and a series of C18 chromatographic fractions (A-G)
were assayed against the proteasome (Bazzano et al., 2024).
The crude extract and fractions E and F demonstrated potent
inhibition of the yeast 20S proteasome (ICs, values of
3971 ng ml~! for the MA9 extract, 156 ng ml ™ for fraction E
and 98ngml~' for fraction F). Fractions E and F were
combined (fraction E/F) and repurified, resulting in bioactive
fractions EF2 and EF3 that exhibited enhanced inhibition
(ICso values of 2ng ml~" for EF2 and 49 ng ml~" for EF3;
Bazzano et al., 2024). The MA9 bioactive natural product
samples were then soaked against 20S proteasome core-
particle crystals. For confirmation, the isolated TMC-95B was
further soaked with proteasome crystals.

The BRA-346 samples were obtained from the actino-
bacterium Streptomyces sp. isolated from the Brazilian
endemic tunicate Euherdmania sp.. Inhibition assays revealed
that both the crude extract and the enriched fraction F48 of
BRA-346 exhibited potent proteasome inhibition (Furtado
et al., 2021). The crude extract and the bioactive fraction F48
were individually soaked with proteasome crystals, aiming to
capture the proteasome inhibitor that was present in these
bioactive samples. In addition, the purified compound TMC-
86A obtained after several steps of natural product purifica-
tion from BRA346 cultures (Bazzano et al., 2024) was also
soaked with proteasome crystals for confirmation.

The MAY9 X-ray diffraction data were collected at UVX,
LNLS and the BRA-346 data were collected at Sirius, LNLS.
Independently of the beamline used, the CNPEM automated
processing pipeline was applied to both data sets. Data-

collection and processing statistics are shown in Tables 1 and 2,
respectively.

For PanDDA analysis, we used 26 refined structures for
ground-state map characterization. Specifically for the
proteasome, the Z-map characterization was restricted to the
active site, using a mask size of 15 A. This was necessary due
to the large protein size of the 20S proteasome core particle.

3.2.1. A. moriforme (MA9) case study

The MA9 case study was systematically followed up as a
proof of concept of the unpurified natural product capture
approach, aiming at a comprehensive structural exploration of
the natural product capture process at different stages. The
MAO data set (Fig. 2) revealed a natural ligand interacting in
the proteasome catalytic site. The ligand is positioned in close
proximity to the catalytic Thrl residue, with no evidence of
covalent interaction. The electron density relative to the
ligand captured from the crude extract was partially defined,
but became clearly delineated, probably due to higher occu-
pancy, using the first fractionation step (fraction E/F). Each
enriched fraction significantly contributed to the refinement of
a more detailed difference map (Fig. 2a). Application of the
PanDDA protocol corroborated these observations, clearly
highlighting the presence of a natural ligand binding to the
proteasome chymotrypsin-like catalytic site (Fig. 2b), even for
fraction E/F, which was the first fractionation step.

Despite the partially defined electron density observed
from the MA9 crude extract, important information was still
obtained about the presence of a genuine protein ligand in the
natural sample, including the binding site and binding mode of
the bioactive natural product. On the other hand, using the
enriched fraction E/F, much clearer electron density for the
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Table 2

Structure solution and refinement statistics.

Values in parentheses are for the outer shell.

BRA-346 enriched

fraction F48 TMC-86A MAJ9 extract MAQ fraction E/F MADJ fraction EF2 TMC-95B
PDB code 9¢97 9c98 9aw3 9aw5s 9awb6 9aw7
Resolution range (A) 49.11-3.33 49.19-3.04 29.84-3.42 48.80-3.44 49.56-3.43 30.04-2.91
(3.39-3.33) (3.09-3.04) (3.54-3.42) (3.50-3.44) (3.49-3.43) (3.01-2.91)

Completeness (%) 96.5 (97.4) 99.9 (100) 98.4 (97.3) 97.6 (92.0) 99.3 (98.6) 99.2 (98.5)
No. of reflections, working set 132030 179706 136333 135580 138909 228749
No. of reflections, test set 6630 8947 6917 6587 6749 11262
Final Repyst 0.2003 0.1746 0.2148 0.2006 0.1817 0.1945
Final Ry 0.2520 0.2201 0.2594 0.2518 0.2357 0.2320
No. of non-H atoms

Protein 49321 49387 49061 50274 49539 49373

Ligand 229 501 22 411 589 758

Water 316 337 177 332 319 252

Total 49866 50225 49260 50274 50447 50383
R.m.s. deviations

Bond lengths (A) 0.002 0.003 0.002 0.002 0.002 0.002

Angles (°) i 0.48 0.59 0.48 0.49 0.54 0.54
Average B factors (A%)

Overall 38.34 60.44 100.7 75.72 85.16 51.82

Protein 38.41 60.35 100.86 75.89 85.35 51.81

Ligand 57.9 77.95 100.20 83.59 89.86 57.19

Water 12.94 46.44 55.49 39.84 47.79 37.83
Ramachandran plot

Most favored (%) 96.48 97.06 96.91 96.68 96.08 97.27

Allowed (%) 3.49 2.93 3.09 3.29 3.92 2.73

Outliers (%) 0.03 0.02 0 0.03 0 0

ligand was observed, allowing the interpretation of its
chemical structure based on the shape of the electron density.
The crystal structure obtained for the proteasome soaked with
fraction E/F clearly shows the macrocycle ligand binding
noncovalently to the proteasome active site (Fig. 2b).

Both the m/z of the bioactive compound (m/z 679.27,
Fig. 2c) and a clear electron density were only obtained using
the enriched fraction E/F. This highlights the value of using
pre-fractionated natural product libraries in natural product-
based drug-discovery pipelines. Pre-fractionation improves
the detection of bioactivity, enhances LC-MS/MS sensitivity
and increases captured ligand occupancies in crystal struc-
tures. Therefore, pre-fractionated natural product libraries are
being used more frequently in natural product-based drug-
discovery programs (de Felicio et al., 2021; Thornburg et al.,
2018; Trivella et al., 2022; Wagenaar, 2008).

LC-MS/MS is a key technique that is widely used in natural
product-based drug-discovery pipelines for detecting and
dereplicating natural product samples (Wang et al, 2016;
Kurita et al., 2015; Hight et al., 2022). However, it is note-
worthy that the bioactive compound was not detected in the
crude extract by LC-MS/MS, being progressively detected in
the purified samples (Fig. 5¢). This indicates that the bioactive
compound (m/z 679.27) is present in the crude extract in trace
amounts, making it undetectable by LC-MS/MS. Nonetheless,
our crystallographic capture technique was able to detect the
MASY crude extract ligand at the active binding site of the
proteasome, which was further highlighted by PanDDA
analysis (Fig. 2b). Despite the electron density for the bio-
active compound still not being clear enough to define its
chemical structure in the crude extract, it was sufficient to

show the presence of a genuine ligand binding to the catalytic
site of the proteasome. This suggests that the demonstrated
crystallographic capture approach can complement LC-MS/
MS in the early detection of bioactive compounds in natural
product-based drug-discovery pipelines, even when the
bioactive molecule is present in trace amounts. Moving from
the MA9 crude extract to its E/F enriched fraction, in which
the bioactive compound starts to be detected by LC-MS/MS
(mlz 679.27; Fig. 2c), it is possible to clearly observe the
presence of the ligand in the F, — F. map (Fig. 2a). The ligand
electron density is further defined in the PanDDA analysis
(Fig. 2b), allowing interpretation of its chemical structure.
It is also important to comment that additional bioactive
compound purification did not enhance the definition of the
ligand in the PanDDA maps. Therefore, the chemical struc-
ture interpretation of the MA9 captured ligand could already
be performed from the initial enriched fraction E/F, which was
achieved much more quickly and using significantly smaller
amounts (<10 pg) of the natural product sample than the
isolated compound.

For validation purposes, the bioactive compounds isolated
from MA9 were identified by analysis of spectroscopic data
as TMC-95A or TMC-95B (Fig. 3). TMC-95A/B could be
perfectly fitted into the electron densities observed in the
proteasome catalytic site. These results unequivocally confirm
the observations made for the ligand captured from the MA9
E/F fraction crystal structure.

TMC-95A and TMC-95B are known peptide macrocycles
that display low-nanomolar noncovalent proteasome inhibi-
tion (Groll et al, 2001). TMC-95A/B are interconvertible
diasterecomers (Fig. 3c¢) that show equivalent proteasome
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inhibition (Fig. 3d). They differ in the position of a hydroxyl
group at chiral center #2 (Fig. 3a). The other two diaster-
eomers, TMC-95C and TMC-95D, differ from TMC-95A/B in
the position of the hydroxyl group at chiral center #1 (Fig. 3b).
TMC-95C and TMC-95D were also found in the purified MA9
samples, but at lower concentrations (il and i2 in Fig. 3c).
Interestingly, the crystallographic capture approach further
assisted in isomer identification and provided insights into
the significance of chiral centers for target enzyme inhibition.
Observing the crystal structure (Fig. 3a), it is noted that chiral
center #2 does not affect ligand binding, as it is positioned on
the left side of the binding site, opposed to the catalytic center.
This region of the binding site consists of a large chamber with
no significant contacts between the ligand and the protein. In
contrast, chiral center #1 is positioned deep within the cata-
lytic center, close to the catalytic Thrl residue. The main
protein-ligand contacts are found in this region. Changing
chiral center #1 would disrupt contacts with the Gly47 main
chain, generate steric clashes with the protein, affect the
ligand position and compromise protein-ligand contacts.

Indeed, TMC-95C and TMC-95D are tenfold less active
against the proteasome than TMC-95A or TMC-95B (Koguchi
et al., 2000). Therefore, knowing the binding site and 3D shape
of the captured ligand provides valuable insights into protein—
ligand interactions, including the assignment of isomers and
the significance of chiral centers for protein binding.

3.2.2. Streptomyces sp. (BRA346) case study

The second case study presented here, Streptomyces sp.
BRA346, shows a covalent ligand captured in the proteasome
catalytic site. The BRA346 bioactive fraction, which is
equivalent to the samples present in modern pre-fractionated
natural product libraries, was soaked into yeast proteasome
crystals. Electron density (2mFqns — DFpoder and mFyu, —
DF,o4e1 Phenix maps) and the PanDDA event map for BRA-
346 are presented in Fig. 4, along with the corresponding
analytical LC-MS/MS chromatogram of the respective natural
product samples.

MAS9 crude extract Fraction E/F Fraction EF2 TMC-95B
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Figure 2

A. moriforme (MAY) crystallographic series. The panels show the yeast 20S proteasome active site (85 subunit) binding a captured natural product from
MADO crude extract (left column) and fractions E/F and EF2, along with the isolated bioactive compound TMC-95B (right column). (a) Input maps are
2F, — F_ (blue) and F, — F, (green/red) contoured at 1o and %30, respectively. (b) PanDDA event (blue) and Z-maps (green/red) are contoured at 1.5¢
and +30, respectively. Ligand refined occupancies at subunit 85 are 0.90, 0.99 and 0.91 for fractions E/F, EF2 and isolated TMC-95B, respectively. (¢) LC-
MS/MS base-peak chromatograms (BPCs) are further provided for each MA9 natural product sample (MA9 crude extract, fraction E/F, fraction EF2
and TMC-95B). The insets are the extracted ion chromatograms (EICs) for m/z 679.27 (TMC-95).
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The resultant structures from DIMPLE (input maps) were
inspected using Coot, which revealed a discernible electron
density in the difference maps within the chymotrypsin-like
active site of the proteasome. For BRA-346 samples, the
electron density clearly showed a covalently bound ligand to
the catalytic Thrl, even in the enriched fraction, which still
contained a significant number of molecules. All generated
samples underwent LC-MS/MS analysis, bioactivity correla-
tion and chemical structure dereplication, indicating the
component with m/z 343.19 (TMC-86A) to be the bioactive
compound (Bazzano et al., 2024).

TMC-86 is a linear peptide that covalently binds to the
active site of the proteasome and inspired the development of
carfilzomib and oprozomib, two drugs used in cancer treat-
ment (Huang et al., 2023; Johnson et al., 2018; Kim & Crews,
2013).

0 .
chiral R, \ chiral "
center #2 Ry center
R1 Rz R3 R4
TMC-95A H OH CHs H
TMC-95B H OH H CHj,
TMC-95C OH H CHs H
TMC-95D OH H H CH,
(@]
Figure 3

The bioactive molecule TMC-86A was then isolated for
proof-of-concept purposes and soaked into new yeast
proteasome crystals. The resulting ligand electron density
(Fig. 5) confirmed that the crystallographic capture approach
can recover the bioactive ligand, even in the early stages of
natural product drug discovery.

Taken together, crystallography and LC-MS/MS metabo-
lomics are orthogonal techniques that provide complementary
information on unpurified bioactive natural products and can
be used in a high-throughput mode. These techniques should
be combined in modern natural product-based drug-discovery
pipelines. By using LC-MS/MS dereplication and bioactivity-
ranking pipelines (Baskiyar et al., 2022; Bazzano et al., 2024;
Nothias et al., 2018), the project benefits from mass detection,
fragmentation pattern-based chemical structure annotation
and bioactive compound ranking directly from unpurified
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Crystallographic data can differentiate isomers of the captured natural product, further supporting SBDD and (bio)synthetic route design. () Refined
TMC-95B structure using the TMC-95B data set. Ligand occupancy was refined to 0.91 at subunit 85. (b) Structure of TMC-95 diastereomers. (¢) EIC for
m/z 679.27 in MA9 samples. (d) Chymotrypsin-like (subunit B5) yeast 20S proteasome-inhibition curves. Experimental data are shown as a normalized
percentage of proteasome enzymatic activity. Values shown are the average £ SD of three experimental replicates.
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Figure 4

Crystallographic capture is overly sensitive, providing ligand structural
information and the protein binding sites in the very early stages of
natural product-based drug discovery. (a) Input maps are 2F, — F, (blue)
and F, — F. (green/red) contoured at 1o and %30, respectively. (b)
PanDDA event (blue) and Z-maps (green/red) are contoured at 1.5¢ and
+30, respectively. (¢) Base-peak chromatograms (BPCs) are provided for
positive LC-MS/MS detection of the BRA-346 enriched fraction and
purified TMC-86A). The insets are the extracted EICs for m/z 343.19.

(@) (b)

Figure 5

(a) Proposed bioactive molecule (m/z 343.19) present in the enriched
fraction and (b) the purified bioactive molecule (m/z 343.19) covalently
bound to the catalytic Thrl of the chemotrypsin-like active site. Refined
maps are 2F, — F, (blue) and F, — F, (green/red) contoured at 1o and
+30, respectively.

mixtures of natural products. The crystallographic capture
approach further enhances the comprehension of the struc-
tural features of the bioactive natural product by revealing the
3D image of the ligand at near-atomic resolution, its binding
site in the target protein and key protein-ligand interactions,
all of which are essential for structure-based drug discovery
(SBDD).

3.3. Success rates for automated data processing and
bioactive natural product capture from complex mixtures

We have successfully captured several natural products that
bind to different classes of proteins using the ‘crystallographic
capture of unknown bioactive natural products’ pipeline. Four
of these projects are highlighted in Fig. 6.

Protein identities and ligands are not disclosed at this stage
due to active development of these projects. However, some
statistics regarding the success rates of the pipeline are
presented as follows. For automated data processing we
achieved a success rate of 33-98% (78 & 13) for data sets
suitable for PanDDA. These data sets passed the automated
molecular-replacement step and their refined PDB and MTZ
files have Ry and Ry below 0.4 (Supplementary Table S1).
The average success rate for capturing bioactive natural
products was 48%. In these four projects, we started with 65
validated HTS hits from pre-fractionated libraries of natural
products. These samples, consisting of biota with unknown
mixtures of natural products, conferred target enzyme inhi-
bition with ICs, values better than 10 pig ml~". We successfully
captured 31 natural product ligands in the crystal structures,
with success rates ranging from 42 to 100%, depending on the
target protein that was used (Fig. 6, Supplementary Table S2).

Interestingly, we have captured ligands in both active and
allosteric sites, with some ligands probing previously unknown
allosteric binding sites (highlighted in Fig. 6). Notably, the
captured natural products exhibited a wide range of polarities
and bound to neutral, positively charged and negatively
charged binding sites. This revealed a diverse array of natural
chemicals that can be used as structural probes for drug
development.

The occupancies of the captured ligands ranged from 0.2 to
1.0. It is important to emphasize that the samples used were
pre-fractionated natural product libraries, with a preliminary
reverse-phase chromatography step performed directly from
the crude extracts (de Felicio et al., 2021; Trivella et al., 2022).
Despite often being minor compounds in the fractions, the
captured ligands were successfully visualized within the
protein crystal structures.

4. Conclusions

High-throughput protein crystallography is a key tool in
natural product-based drug-discovery pipelines. Crystals act as
‘filters’ that directly capture bioactive natural products from
intricate mixtures of unpurified and unidentified compounds.
Determining the crystal structure of complexes soaked with
enriched natural product fractions facilitates the early iden-
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Hydrolase, Oncology
Allosteric site, new chemical class

Oxireductase, Pain
Allosteric site, new chemical class

Figure 6

Crystallographic capture of
unknown bioactive natural
product

Transferase, infectious disease
Allosteric site, new chemical class

Transferase, Cardiology
Allosteric site, new chemical class

Case examples of captured natural products in allosteric sites of different protein targets, using the crystallographic capture approach directly from
enriched fractions of natural products used in high-throughput screening with pre-fractionated natural product chemical libraries. PanDDA event maps
(blue) and Z-maps (green/red) are contoured at 1o and £30, respectively. The protein surface is colored according to its electrostatic potential in
vacuum (gradient red-white-blue from —100 k7/e to +100 kT/e, negative potential in red and positive potential in blue). Binding-site figures and
electrostatic potential calculations were generated with PyMOL (Schrodinger).

tification of novel binding sites. This approach provides valu-
able insights into the structural characteristics of the captured
bioactive natural products, including their shapes and inter-
actions with target proteins. In addition, direct in crystallo
capture of natural products can quickly reveal novel allosteric
binding sites and new chemical scaffolds, thereby feeding
SBDD pipelines with innovative information.

Moreover, this approach can be combined with LC-MS/MS
dereplication, benefiting from the latest advances in high-
throughput data-generation and data-mining approaches
applicable to natural product-based drug discovery. New
medicines are needed in many therapeutic areas, and natural
products are excellent sources of novel chemistry and probes
for novel binding sites and mechanisms of action. The as yet
untapped chemical diversity of natural products can be readily
investigated using the pipeline presented here, especially in
the case of Brazil, in loco.
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