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ABSTRACT: Nature remains a vast repository of complex and functional metabolites whose structural characterization continues to 

drive innovations in pharmaceuticals, agrochemicals, and materials science. The cryogenic electron microscopy (cryoEM) method, 

microcrystal electron diffraction (microED, a 3D ED technique) has emerged as a powerful tool to structurally characterize small 

molecules. Despite this emerging role in structural chemistry, the cost and throughput of microED have limited its application in the 
discovery of natural products (NPs). While recent advances in sample preparation (e.g. ArrayED) have provided a conceptual 

framework to address these challenges, they have remained unproven.  Herein, we report the ArrayED-driven discovery of a 

structurally-unprecedented family of NPs (zopalide A-E), a muurolane-type sesquiterpene glycoside (rhytidoside A), aspergillicin 
analogs (aspergillicin H and aspergillicin I), and four crystal structures of previously reported fungal metabolites. We provide the 

first examples of absolute stereochemistry determination via microED for newly annotated NPs. 

INTRODUCTION 

From the seminal total synthesis of urea1 to the discovery of 

penicillin as an antibiotic drug,2 natural products (NPs) have 

played a critical role in biology, chemistry, and medicine. 
Indeed, NPs remain instrumental in modern medicine, 

comprising or inspiring over 50% of on-market drugs.3 Despite 

this monumental societal impact, the discovery of structurally 

unique natural products has slowed over the last several 
decades.4,5 While approximately 400,000 natural products have 

been discovered to-date, less than 1% of Earth’s biodiversity 

has been investigated.6 Many modern programs in NP discovery 
utilize a bioactivity-guided strategy, where fractionated NP 

extracts are subjected to biological assays and promising 

fractions are prioritized for further isolation, purification, and 
structural characterization.7 Other strategies are structure-

driven, where mass spectrometry (MS) or nuclear magnetic 

resonance (NMR) spectra collected from fractionated extracts 

are utilized to identify unannotated and potentially new NPs.8,9  
More recently, genome-mining approaches rely on 

bioinformatics to identify unique biosynthetic gene clusters that 

could lead to new NPs (Figure 1A).10 

For bioactivity-, structure-, and genome mining-guided 

discovery campaigns, structural elucidation of nascent NPs 

 
Figure 1. Approaches to NP discovery. Traditional methods of NP 

discovery that include bioassay-guided, structure-guided, and genome 

mining-guided isolation. In this work, we highlight the use of an electron 

diffraction-guided workflow (ArrayED) to discover NPs. 
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often limits throughput. Despite advances in modern analytical 
methods, combinations of NMR spectroscopy, MS, infrared 

(IR) spectroscopy, circular dichroism (CD), and ultraviolet-

visible (UV-Vis) spectrophotometry data, are usually required 
to infer connectivity and atomic compositions, while ab initio 

determination of stereochemistry relies on single crystal X-ray 

diffraction (SCXRD). These methods often require milligram 

quantities of purified analyte and prior knowledge of the 

analyte. 

MicroED, or 3D ED, has emerged as a complementary 

analytical approach that can address these limitations,11–19 
allowing for ab initio structural solutions from nanogram 

quantities of analyte and in some cases determination of 

absolute stereochemistry.20,21 MicroED has been successfully 
implemented in traditional NP-discovery workflows, providing 

the structures of NPs identified in bioassay-,22–24 structural-, 25,26 

or bioinformatics-guided27–33 approaches. However, it can take 

an hour or more to load and remove a single sample from a 
TEM, limiting throughput. With existing curated libraries of 

uncharacterized, bioactive NPs containing a million or more 

samples,34,35 state-of-the-art microED is too expensive and too 
slow to address vast quantities of known unknowns in a 

meaningful way, let alone untapped NP space. 

Our group recently reported the ArrayED workflow, where 
non-contact printing is used to deposit >100 of samples onto a 

single TEM grid, enabling high throughput (HT) screening for 

crystalline natural products amenable to microED (Figure 
1B).36 Herein, we report the application of ArrayED in a 

diffraction-guided NP discovery campaign, departing from 

bioassay-, structural- or genome mining-guided approaches. 

Our diffraction-guided approach is applied to the study of two 
fungal extracts, enabling the discovery of an unprecedented 

family of NPs zopalides A-E (1-5) (Figures 2 and 3) and a 

muurolane-type sesquiterpene glycoside rhytidoside A (6) 
(Figure 4), each having their absolute configuration established 

through dynamical refinement of microED data. Moreover, this 

workflow has enabled the full characterization of two new 
cyclic depsipeptide NPs: aspergillicin I (7), whose discovery 

would have proven challenging without a crystallographic 

model given the structural similarity to aspergillicin A, and 

aspergillicin H (8) (Figure 5). This screening strategy lays the 
groundwork for diffraction-guided NP discovery, which is 

poised to advance metabolomics and medicine. 

RESULTS AND DISCUSSION 

Initial efforts were focused on fungal strains TTI-0151 and 

TTI-0118 isolated from dead twigs and cow dung, respectively, 

during a field collection (Texas, USA). Morphological 
characteristics and rDNA sequence analysis identified TTI-

0151 as Rhytidhysteron hysterinum and TTI-0118 as an 

undescribed Zopfiella sp. (see SI for details). The mycelial 

extracts of R. hysterinum and Zopfiella sp. were subjected to 
generalized HPLC to generate 96 time-resolved fractions. The 

microarray of each extract was then screened in a TEM for the 

presence of microcrystalline particles, those exhibiting 

diffraction were then binned as ‘hits.’ 

Discovery of the Zopolide NP family derived from 

Zopfiella sp. ArrayED screening of 203 mg of extract isolated 
from the mycelial culture of Zopfiella sp. identified wells C7 

and C9 as ‘hits.’ Deposition of these fractions onto individual 

grids revealed several crystals with high quality diffraction 
(Figure 2A) and allowed for collection of multiple continuous 

rotation datasets. The diffraction datasets were automatically 

processed with an in-house package AutoProcess.37 Merging of 

three datasets from fraction C7 of Zopfiella sp. and ab initio 
phasing using kinematical approaches yielded scaffold A1 

(Figure 2B) in space group P212121 (92.6% completeness at 0.8 

Å resolution, R118.49%) (Figure S8). Initial similarity searches 

 

Figure 2. ArrayED screening overview for Zopfiella sp. and the 

discovery of Zopalide NPs. (A) Chromatogram of crude fungal extract 

of Zopfiella sp. at 254 nm wavelength with wells C7–C9 highlighted 

in green, blue, and red, respectively. Micrograph of the microarrayed 

extract with well C9 highlighted in red to show the presence of 

microcrystals and their associated diffraction pattern. (B) The ab initio 

preliminary solution A1 (iso value = 1.085 eA-1) that resulted from the 

screening of wells C7-C9 as well as the final structure of zopalide A 

(1). (C) Chromatogram from a HRMS experiment on well C7 of 

Zopfiella sp. marked to distinguish the corresponding structures. 
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for preliminary scaffold A1 in public databases (Reaxys® and 
Dictionary of Natural Products) yielded no exact structural 

matches. To elucidate the molecular structure, we obtained 

high-resolution ESI-MS data to determine the molecular 
formula of scaffold A1, as similar scattering from C, N, and O 

at high resolution challenges ab initio compositional 

assignment with microED.38 

Further HPLC-MS analysis of well C7 revealed a complex 
mixture of related congeners (Figure 2C). From well C7, we 

annotated five UV-active peaks corresponding to the following 

molecular formulas: [C22H26O9 + H]+, [C22H26O9 + H]+, 
[C24H28O10  + H]+, [C24H28O10  + H]+, and [C22H23O8 + H]+. We 

leveraged these data to assign the scaffold with atom identities 

and bond unsaturation to yield the proposed structure 1 (Figure 
2B). Kinematic refinement in space group P212121 provided 

high confidence of our assignment with 93.6% completeness at 

0.8 Å resolution and R1 14.92%. We named compound 1 as 

zopalide A (1).39 Utilizing a modified dynamical refinement 
regime21 structural models of both enantiomorphs were refined 

against the kinematic structure. The results suggested the 

absolute stereochemistry of zopalide A (1) as depicted in Figure 
2B. A Z-score of 11.1σ obtained from the methods of Klarr and 

co-workers supports this assignment (Figure S10).20 

Comparison of the refined structure of zopalide A (1) to 
public structural databases failed to yield an exact match. Given 

that this is the first NP to be characterized entirely by microED, 

we were compelled to validate this finding using traditional 
methods. A poor isolated yield (0.4 mg/L) of compound 1 from 

the mycelial extract required several rounds of scaled-up 

fermentation of Zopfiella sp. to obtain sufficient material for 

NMR confirmation (Table S1). The NMR data was consistent 

with the microED assignment. 

With a scaled-up fermentation in hand, we pursued the 

structural characterization of the isomeric components 
identified earlier in HPLC-MS studies of well C7. Isomers 2–4 

were isolated and characterized using traditional methods 

(HPLC-MS, NMR). Compound 2 was identified as a structural 
isomer of 1 and named zopalide B (Table S2). Compounds 3 

and 4 were named as zopalide C (3) and zopalide D (4) (Table 

S3 and S4) and are deacetylated analogs of metabolites 1 and 2 

(Figure 2C). NMR spectra from a m/z 477 isomer appeared to 
have few analogous chemical shifts to spectra recorded from 

zopalides A-D (1–4) (Table S5). Microcrystals obtained by 

slow evaporation yielded the microED scaffold B1 that would 
later be refined to reveal the structure of zopalide E (5) (Figure 

3A).  

Zopalide E (5) is proposed to be an intramolecular oxa-
Michael addition product of zopalide B (2) (Scheme S1) 

representing the most structurally complex member of the 

Zopalide family. Various stereocenters in compound 5, notably 

the stereocenter appending the acetylcyclohexanone to the 
fused ring system, were observed to be inverted relative to 

compound 2. To elucidate the absolute configuration, we 

utilized a modified dynamical refinement approach21 where 
structural models of both enantiomorphs of compound 5 were 

refined against the kinematic structures. Results of dynamical 

refinement (Figure 3B) suggested the absolute stereochemistry 

of zopalide E (5) as depicted in Figure 3A. 

To further validate the ArrayED-driven discovery of these 

unprecedented natural products, a final round of fermentation, 
purification and isolation were undertaken to provide material 

for SCXRD, providing a structure consistent with the microED 

structure (Figure S12B). The root mean square deviation 
(RMSD) of the structural models provided by microED and 

SCXRD was 0.037 Å (Figure 3C), further supporting the 

consistency and reliability of microED data. Flack and Hooft 
parameters suggest that we have correctly assigned the absolute 

configuration of zopalide E (5) previously determined by 

dynamical refinement of microED data. Together, this family 

of NPs represents the first examples of molecular discovery 
using a diffraction-guided approach and the first application of 

dynamical refinement to establish the absolute configuration of 

newly discovered NP. Moreover, it reinforces electron 
diffraction as a robust method for the structural elucidation of 

novel natural products without structural precedent.  

 
Figure 3. Reisolation from Zopfiella sp. and the discovery of 

zopalide analogs.  (A) ab initio preliminary solution B1 (iso value 

= 0.772 eA-1) in space group C2 provided by microED data 

collection on the final analyte isolated from the Zopalide family, 

followed by the final structure of zopalide E (5). (B) Statistics 

calculated from the dynamical refinement of both enantiomorphs 

of compound 5 in space group P212121. (C) Superposition of the 

structure provided by microED in space group P212121 and the 

structure provided by SCXRD in space group P212121 with an 

RSMD of 0.037 Å. 
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Discovery of muurolane-type sesquiterpene glycoside 

derived from Rhytidhysteron hysterinum. With this success, 

we applied ArrayED screening to 88 mg of crude extract 

isolated from the mycelium of Rhytidhysteron hysterinum. We 
observed crystalline particles in 24 of the 96 microarrayed 

fractions (Figure 4A). Deposition of the best diffracting 

particles, obtained from well D8, onto a TEM grid yielded 

several continuous rotation datasets. Merging two of the highest 
quality datasets yielded preliminary scaffold C1 (Figure 4B) in 

space group P21 with 87.2% completeness at 1.0 Å resolution 

(R1 34.08%). A structural database search returned several sub-
structure matches to muurolane-type sesquiterpene glycosides, 

but no exact matches. HPLC-MS analysis of well D8 revealed 

a heterogeneous mixture containing at least seven detectable 

analytes (Figure S15, i). 

We later matched our preliminary solution to the m/z 

407.2305 [M + Na]+ peak. Following bond length and bond 

angle analysis, refinement of C1 to space group P21 revealed a 
new NP which we have named rhytidoside A (6) (86.4% 

completeness, 0.8 Å , R1 13.06%) (Figure 3B).  Dynamical 

refinement established the absolute stereochemistry of 
rhytidoside A (6) as shown with a Z-score of 2.8σ (Figure S16). 

Notably, comparison of the refined structure 6 against 

published muurolane-type sesquiterpene glycodsides revealed 
structural similarities with the balanoindicosides isolated from 

the plant Balanophora fungosa subspecies Indica.40 

Isolation and Characterization of Rhytidhysteron 

hysterinum derived metabolites. Encouraged by the discovery 

of rhytidoside A (6) we set out to isolate and characterize more 

NPs from this strain, as several diffracting fractions were 

identified during initial ArrayED screening (highlighted wells 
in Figure 3A). In addition to rhytidoside A (6), two unrelated 

new secondary metabolites were discovered, aspergillicin H (7) 

and aspergillicin I (8). Moreover, within this extract, microED 
structures of previously reported aspergillicin A (9), 

aspergillicin F (10),41 cyclopiazonic acid (11),42 

aspertamarinolide B (12),43,44 and aspertamarinolide D (13)45 
were determined (Figure 5). All the isolated metabolites in 

Figure 5, aside from 8, yielded microED structures and were 

subsequently validated through HPLC-MS and NMR (Tables 

S6-S11). Compounds 12 and 13 were co-isolated and 

characterized in co-crystal form (Figure S17).  

SUMMARY 

Utilization of the ArrayED screening workflow enabled the 
discovery of nine previously undescribed NPs (compounds 1-

8) and the first crystal structure of four previously reported NPs 

(compounds 9-13). It is notable that accurately annotating the 
structure of cyclic peptides such as aspergillicin A and 

aspergillicin I, where the relative positions of the valine and 

isoleucine are interchanged, would be intractable using state-of-

the-art structural elucidation methodology. Moreover, absolute 
stereochemistry of several of these NPs was determined using 

dynamical refinement on microED data. This work exemplifies 

how electron diffraction can be used to direct NP isolation and 
discovery unbiased by biosynthetic origin, structure, polarity, 

or activity. Given that several new NPs were discovered with as 

little as 88 milligrams of extract, this study paves the way for a 
powerful application of diffraction science in NP discovery. 

Efforts are currently underway to synthesize and evaluate the 

bioactivity of these NPs.  
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