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ABSTRACT: The structural determination of natural products (NPs) can be arduous because of sample heterogeneity. This often
demands iterative purification processes and characterization of complex molecules that may be available only in miniscule
quantities. Microcrystal electron diffraction (microED) has recently shown promise as a method to solve crystal structures of NPs
from nanogram quantities of analyte. However, its implementation in NP discovery remains hampered by sample throughput and
purity requirements, akin to traditional NP-discovery workflows. In the methods described herein, we leverage the resolving power of
transmission electron microscopy (TEM) and the miniaturization capabilities of deoxyribonucleic acid (DNA) microarray
technology to address these challenges through the establishment of an NP screening platform, array electron diffraction (ArrayED).
In this workflow, an array of high-performance liquid chromatography (HPLC) fractions taken from crude extracts was deposited
onto TEM grids in picoliter-sized droplets. This multiplexing of analytes on TEM grids enables 1200 or more unique samples to be
simultaneously inserted into a TEM instrument equipped with an autoloader. Selected area electron diffraction analysis of these
microarrayed grids allows for the rapid identification of crystalline metabolites. In this study, ArrayED enabled structural
characterization of 14 natural products, including four novel crystal structures and two novel polymorphs, from 20 crude extracts.
Moreover, we identify several chemical species that would not be detected by standard mass spectrometry (MS) or ultraviolet−
visible (UV/vis) spectroscopy and crystal forms that would not be characterized using traditional methods.

■ INTRODUCTION
Small molecules produced by living organisms, termed natural
products (NPs), have been studied for centuries because of
their fascinating structural diversity and potent biological
activities. While NPs form the basis for many modern
therapeutics,1−3 only a small fraction of the world’s NP
space has been explored. Thus, the discovery of new chemical
matter within this space will undoubtedly provide access to
new therapeutic leads.4 The challenge in discovering new NPs

is driven by difficulties in extraction, isolation, and purification
of a single compound of interest from raw organic matter
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containing hundreds or even thousands of diverse small
molecules.5,6 This process is further mired by the fact that
natural products can be quite structurally complex, thereby
necessitating intensive characterization on the basis of multiple
analytical techniques, including 1D and 2D NMR (1H, 13C,
etc.), FTIR, and MS (Figure 1a).7−10 Therefore, the
development of high-throughput (HT) techniques that
provide unambiguous identification of NPs would alleviate
these challenges and profoundly impact current drug discovery
efforts.

Single-crystal X-ray diffraction (SCXRD) remains the gold
standard in small molecule characterization because structures
can be determined unambiguously without prior knowledge or
inference. However, SCXRD is often limited in practice by the
need for large quantities (typically >1 mg) of purified material.
The electron crystallography technique, microED or 3D ED,
has recently gained interest among chemists as a powerful
crystallographic method for the structural characterization of
small molecules from nanograms of source material. Since
electrons have charge and mass, they interact with matter more

Figure 1. (A) Natural product isolation and characterization workflows. Traditional NP structural characterization involving iterative HPLC
fractionation and purification followed by analytical interrogation. (B) Single-sample evaluation of NPs via microED. (C) High-throughput
microarrayed TEM grid for microED structural elucidation.

Figure 2. (A) Microarray printing and high-throughput screening of natural product extracts. Picoliter drops were utilized to print microarray and
representation of microarrayed 96-well plate on a TEM grid. (B) Diffraction heatmap of 20 unique crude extracts within respective 96-well plates.
Representative diffraction (blue dotted boxes) and associated microcrystals (red outlined boxes).
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strongly than X-rays, and thus, electron diffraction experiments
can yield data sufficient for structural determination from
crystals less than one-billionth the size of crystals used for
SCXRD (Figure 1b).11−18

While crystallization screens for SCXRD can be quickly
triaged using an optical microscope, the formation of micro-
and nanocrystals for microED experiments are most reliably
evaluated under the high magnification of a transmission
electron microscopy (TEM).19,20 However, screening for
micro- and nanocrystals utilizing a TEM can be arduous
because the deposition of a single sample on a TEM grid,
followed by insertion and retraction through airlock mecha-
nisms, can take as much as 1 h per sample. Therefore,

screening tens to hundreds of individual NP fractions, a
quantity that is routinely produced in an HPLC experiment on
a crude NP extract, could require tens to hundreds of hours of
TEM time and an equally large number of TEM grids. Recent
advancements in the automated data collection for microED/
3D ED have significantly increased the throughput of single-
sample analysis, but the ability to routinely screen tens to
hundreds of NP samples remains a challenge.21−27 This sample
preparation bottleneck is shared among many methods that
utilize TEMs, such as cryo-electron microscopy and tomog-
raphy (cryoEM and cryoET).28−33 In this report, we describe a
HT-screening workflow for microED inspired by Gianneschi
and co-workers that enables the deposition of 96 or more

Figure 3. MicroED structures solved utilizing the microarraying diffraction technique. Thermal ellipsoids shaded with 30% probability and
hydrogen atoms were omitted for clarity.
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unique samples onto a single TEM grid using noncontact
printing of picoliter droplets from time-resolved HPLC
fractions of NP extracts. (Figure 1c).34,35 This sample
preparation workflow, which we coin ArrayED, enabled
unambiguous structural characterization of 14 natural products
from 20 crude extracts

■ RESULTS AND DISCUSSION
In the ArrayED workflow, crude extracts (obtained from
plants, fungi, and marine organisms in this study) are divided
onto a 96-well plate through generalized time-based HPLC
fractionation. In initial experiments, we utilized a Phenomenex
Kinetex 5 μM C18 column to employ a solvent gradient of
30% to 100% acetonitrile in H2O with 0.1% formic acid for 25
min at a flow rate of 4 mL per minute, thereby generating
fractions every 15 s (96 fractions) that resulted in fractions of
varying purities. This HPLC fractionating methodology was
standardized on the basis of the ability to elute metabolites
from multiple source organisms. Picoliter aliquots (250−350
pL) of each fraction were printed onto a single TEM grid
(Figure 2a) in an automated and standardized fashion by
utilizing a Scienion S3 microarrayer. To correlate the
microdroplets deposited on the TEM grid to the positions
from the 96-well plate, we incorporated a labeling system
composed of saturated NaCl droplets deposited below the
printed array to orient the top and bottom of the array (Figure
S2). Each grid square corresponding to the individual well is

visually inspected for particles using SerialEM, and snapshot
diffraction is manually recorded for each identified particle.
In this proof-of-principle study, we were able to rapidly

screen 20 extracts and their respective 1920 wells to classify
fractions as diffracting or not with approximately 60 h of TEM
time (Figure 2b). This process would have required 1000 h or
more of TEM time, at least 1920 TEM grids (hundreds of
thousands of dollars for TEM time and thousands of dollars in
TEM grids) using standard microED workflows. Utilizing the
ArrayED workflow, we identified 415 fractions containing
crystalline materials (roughly 21% of all wells)�this
classification includes monocrystalline, polycrystalline, low-
resolution, and high-resolution diffraction. In cases where the
observed diffraction was not suitable for direct methods
solution (polycrystalline or low-resolution), subsequent
crystallization was performed by dissolving isolated HPLC
fractions in 60% acetonitrile in water and drop casting a 4 μL
aliquot onto a new TEM grid for further study. For many
fractions, improvements in diffraction quality could be
obtained from larger droplets (4 μL vs 300 pL), presumably
because of slower evaporation of solvent and enhanced
dispersion of crystalline particles onto the grid. In general,
the use of larger drop volumes resulted in higher quality data.
ArrayED analysis of an extract obtained from leaves of the

American beautyberry (Callicarpa americana) resulted in the
identification of 18 diffracting fractions of the total of 96
HPLC fractions collected. Ultimately, four structures were

Figure 4. HPLC trace and images of adjacent wells containing pachybasin (10) and chrysophanol (11) and the three distinct polymorphs solved
utilizing microED. The central well highlights the partially occupied oxygen (3:1) that distinguishes 10 from 11.
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obtained from this extract. The crystal structure of
calliterpenone (1) (Figure 3) was obtained directly from the
microarrayed TEM grid.36 High-quality microcrystals of
calliterpenone monoacetate (2) were obtained after additional
recrystallization, which provided the first crystal structure of
this complex diterpene natural product. The structure of a new
polymorph of 5-hydroxy-4′,7-dimethoxy-flavone (3) was also
resolved, as well as a polymorph of a presumed plasticizer
phthalate 4.37

As further validation of the method, a fungal extract
obtained from Hypoxylon himnuleum was subjected to
ArrayED, and 13 of the 96 HPLC fractions produced
promising diffraction. With only 50 mg of crude extract, we
ultimately solved the crystal structures of known fungal
metabolites demethoxyviridin (5), xylariaopyrone A (6),
hinnuliquinone (7), and calcium oxalate (8).38−41 For
perspective, our workflow utilized a 500 mL liquid culture
that is grown over 14−16 days and typically yields 50−150 mg
of crude extract. Singh et al. reported their isolation of
hinnuliquinone (7), a potent HIV-1 protease inhibitor, from
∼7.7 g of crude that required 28 days of cell culture. Moreover,
isolation and purification of hinnuliquinone (7) required 15
iterative HPLC experiments to obtain sufficient material for
structural characterization.42 In comparison with previous
isolation efforts, ArrayED provided an unambiguous structure
of hinnuliquinone from the crude extract in less time than it
took to finish culturing the producing organism. Notably, all of
the above metabolites (5−8) have no previously reported
crystal structures, except for calcium oxalate (8).43

We also studied a fungal extract of Trichoderma
afroharzianum. Calcium oxalate (8) was also identified in
this extract, in addition to three anthraquinone derivatives,
emodin (9) (Figure 3), pachybasin (10) (Figure 4), and
chrysophanol (11) (Figure 4). Interestingly, three unique
crystal structures of pachybasin and chrysophanol were
obtained from three adjacent wells from a single HPLC peak
(Figure 4). Fractions E7 and E9 correspond to pure
pachybasin and chrysophanol, respectively, while the middle

fraction (E8) produced a structure containing mixed
occupancy (3:1 of 10/11) of the two species. This result
supports our hypothesis that time-resolved fractionation
conditions influence the crystallization of analytes on the
basis of changes in concentration and the presence of
impurities.
We further extended this method to study fungal extracts of

Preitonia sp. and Periconia sp. Analysis of Preitonia sp. yielded
the crystal structure of mannitol (12) (Figure 3), which
reproduced a known polymorph.44 It is important to note that
this metabolite may have not been identified if a peak-based
approach was undertaken, as it is not active at standard UV
wavelengths. Lastly, the analysis of Periconia sp. yielded the
structures of 6β-hydroxyeremophilenolide (13) and 6-
methoxy-7-chloromellein (14).
The ArrayED workflow can be utilized in conjunction with

traditional NP characterization methods. While studying
HPLC fractions of the marine red seaweed Halymenia sp.
from Fiji, we identified several wells with crystalline particles.
While many exhibited fibrous diffraction, well E11 contained a
mixture of crystals with distinct morphologies, and each
exhibited clean single-crystal diffraction (Figure 5A). MS and
NMR spectroscopic analyses of isolated fractions suggested a
glycosylated glycerolipid, which was initially proposed as a
regioisomer of metabolite 15 (Figure 5A) with two fatty acyl
chains exhibiting an m/z 774.6086 [M+NH4]+ consistent with
the molecular formula C43H80O10. NMR spectra revealed
chemical shifts and J coupling constants consistent with a β-D-
galactose connected at C-3 of the glycerol. MS fragmentation
confirmed a C-18 acyl chain (fragment ion m/z 339.2889)
with one site of unsaturation and another saturated acyl chain
with 16 carbons (palmitic acid, fragment ion m/z 313.2732).
Because the carbon−carbon double bond was not within four
carbons of its acyl headgroup, the 1H and 13C chemical shifts
for the first four positions were identical for both fatty acyl
chains, with the exception of the carbonyl 13C shifts. Three-
bond heteronuclear multiple-bond correlation (HMBC)
correlations from H2-1 and H-2 of the glycerol to their

Figure 5. (A) Crystalline particles identified for 15 utilizing the ArrayED workflow and the structural identity of diffracting wells from Halymenia
sp. utilizing microED, HRMS, and NMR for confirmation. (B) Crystalline particles identified for 16 and the structural identity of diffracting wells
from Acremonium sp. utilizing microED, HRMS, and NMR for confirmation.
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respective carbonyls were well resolved, but moving into the
fatty acyl chains, identical methylene 13C and 1H signals
precluded elucidation of the connectivity of each chain to the
glycerol by either COSY or HMBC. A recrystallization of the
diffracting well via slow evaporation afforded monocrystalline
needles that yielded high-resolution microED data sets. A
structural solution obtained via direct methods confirmed the
16- and 18-carbon fatty acyl chain lengths but identified the C-
18 chain as attached to C-2 of the glycerol and the C-16 chain
attached to C-1, thereby resolving the ambiguity of the NMR
data. MicroED data also confirmed the relative and absolute
configurations of the hexose sugar as galactose. Together, this
combination of traditional (MS, NMR) and cutting-edge
(microED) characterization methods allowed us to assign all
bond connectivity. However, disorder within the crystal system
prevented us from assigning a single site of unsaturation.
Similarly, we were able to identify well F9 from the fungal

extract of Acremonium sp. as diffracting, but the crystalline
species was extremely beam-sensitive, and a direct methods
solution was not possible. Utilizing HRMS and 1D NMR data
to make an initial structural assignment provided a plausible
compound to compare our diffraction data against. Our
comparison of unit cell dimensions obtained by our workflow
did not match to that of published data on the CCDC.
However, replication of the recrystallization procedures found
in the literature generated a known polymorph and confirmed
the natural product as beauvericin (16), a known metabolite
previously isolated from Beauveria bassiana (Figure 5B).45 As
exemplified by the rapid characterization of monogalactosyl-
diacylglyerides 15 and the identification of mycotoxin 16,
coupling ArrayED with traditional analytical methods can be a
powerful approach to NP identification.46−48

■ CONCLUSIONS
Here, we established the ArrayED workflow as a screening
method to rapidly identify crystalline NPs from crude extracts.
We leveraged this method, in addition to traditional analytical
methods, to determine 14 structures from 20 extracts. In
ArrayED, we utilized a mere 40−150 mg of crude extract to
carry out the entire workflow in each example provided. We
envision that adjacent biological screening of duplicate plates
could rapidly associate the identified structures with a given
bioactivity, thereby allowing ArrayED to become an integral
part of the drug discovery process.
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