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Abstract
Microbial natural products form the basis of most of the antibiotics used in the 
clinic. The vast majority has not yet been discovered, among others because 

to the discovery of our future medicines. Here we present an analytical platform 

compounds at nanoliter scale, called nanoRAPIDS. NanoRAPIDS encompasses 
analytical scale separation and nanofractionation of natural extracts, followed 

Bacillus, based on their 

network of angucyclines elicited by catechol in cultures of Streptomyces sp. 
This allowed the discovery of a highly unusual N-acetylcysteine conjugate of 
saquayamycin, despite low production levels in an otherwise abundant molecular 
family. These data underline the utility and broad application of the technology 
for the prioritization of minor bioactive compounds in complex extracts.
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Introduction
The increasing number of antibiotic-resistant bacteria combined with the 
decreasing number of new antibiotics discovered is becoming a serious threat to 
public health. The traditional source of antibiotics are natural products produced 

 
et al.

of Actinobacteria for antimicrobial activity, but while this approach was highly 
successful in the golden era of antibiotic discovery, nowadays that approach 

likely only exploited a fraction of the chemical space of microbial natural 

 et al.
 et al.

of technologies to access the undiscovered chemical space of natural products. 
Streptomyces genomes each contain up to 

 et al.  et al.

laboratory conditions, and hence their cognate products cannot be elucidated. 
Actinobacteria are usually grown in isolation and in laboratory media that do not 

is most likely tightly tied to the competitive ecological conditions in which 
 et al.

Several methods have been developed to boost the production of hitherto 
hidden natural products, including ribosome engineering, co-cultivation, 

 et al., 2020, Yoon & 

 et al.
Identifying the bioactive compounds of interest is often time-consuming and 
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 et al.
approaches provide lists of highlighted features, the information obtained is not 

bioassays and detection technologies can be linked to allow simultaneous 

at-line high-resolution nanofractionation, which could complement previously 
mentioned strategies and provide a more comprehensive insight of compounds 

 et al.  et al.

lugdunomycin that is produced by the soil-derived Streptomyces  
et al.

 et al.  et al.

Its discovery underlines that novel chemical space may still lie hidden even in 
highly explored chemical families. 

 et al., 

 et al.  
et al.

and surfactants produced by Bacillus
against Escherichia coli, Bacillus subtilis Aspergillus niger in nanoliter 

produced by Streptomyces

saquayamycin N.
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Results and discussion
Development of the nanoRAPIDS platform 

The challenge we sought to overcome is that bioactivity-guided fractionation 
is typically frustrated by highly abundant known antibiotics, which obscures 
bioactive compounds that are produced at low levels. This is particularly true 
for screening of small culture volumes, such as those obtained through HT 
cultivation. Therefore, we developed an antibiotic discovery platform based on 

 et al.

 et al.
is designated nanoRAPIDS, for 
and Dereplication of Specialized metabolites based on nanofractionation. The 

Figure 1. Schematic overview of the nanoRAPIDS platform.
a Classical omics-based pipeline for the discovery of bioactive compounds. Multi-omics approaches 

generic methods remains challenging. b Integration of the nanoRAPIDS pipeline into the multi-

bioactivity of the complex extract. The nanoRAPIDS pipeline starts with at-line nanofractionation 
2, followed by bioactivity assays of the individual nanofractions through 

2 data are 
m/z
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The nanoRAPIDS pipeline makes use of an at-line nanofractionation set-
 et al.

using high-resolution nanofractionation, while a small part is subjected to 

fractions. Next, the individual fractions are tested against target microorganisms 

resolution, the retention time of eluting compounds from the LC separation is 
retained in the bioactivity chromatograms. After at-line nanofractionation, the 

gives the information on the m/z
2 data are subsequently uploaded 

 et al.
 et al.

to visualise all ions of molecules detected and fragmented during an MS 
experiment and identify the chemical relationships between them in a semi-

analysis consists of mapping of the bioactive compounds within the obtained 
 et al. m/z and retention 

Validation of nanoRAPIDS by screening Bacillus sp. 90A-23 extracts

Bacillus 
activity, many of which are well characterised, including iturins and surfactins 
that both consist of families of molecules. To validate the platform, crude extracts 

eight mass features with m/z m/z
min, m/z m/z m/z 

m/z m/z 
m/z 
remain undetected due to the limitation of the ionization method from the MS 
system.

179547_Santiago_BNW_DEF_V5.indd   36 3/20/25   6:13 PM



nanoRAPIDS for the discovery of novel bioactive compounds

2

Figure 2. NanoRAPIDS screen of extract of Bacillus sp. 90A-23. 
a. Chromatograms representing the results of the resazurin reduction assay against E. coli, B. subtilis 
and A. niger

from Bacillus b The LC-MS data presented as Base Peak 
m/z values found in the MS spectra corresponding 

to the bioactive peaks. c

chromatographic peaks and highlight the mass features detected in the bioactive nanofractions. The 
node size represents the relative abundance of ion. The edge thickness attribute is an interpretation of 
cosine similarity score, with thicker lines indicating higher similarity.
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Bacillus sp. 90A-23
Peak Mass 

(m/z)
RT, 
min

Molecular 
formula

Reference

1 C H72O N

2 C H O N  et al.
3 C H O N

4 C50H O N  et al.
5 C50H O N  et al.
6 C H N7O 7 

 et al.
Nanjundan  
et al.

7 C52H N7O 7 

 et al.
Nanjundan et al.

8 C H N7O 7 

 et al.
Nanjundan  
et al.

m/z 
m/z m/z

m/z m/z 

spectral libraries resulted in the annotation of m/z m/z
m/z

 
et al. m/z

Iturins are a family of lipopeptides produced by various Bacillus  
et al.  et al., 2000, Hertlein et al.
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between molecules with m/z m/z m/z
m/z

Figure 3. Bioactive compounds found in the extracts of Bacillus sp. 90A-23.

Structures of the molecules from the two families of bioactive compounds 
discovered in the extracts of Bacillus 
chain is linked to the peptidic backbone. 

corresponded to the most intense compounds, which were dereplicated as iturin 
m/z m/z

The bioactive features with m/z m/z
min and m/z 

respectively. The molecule with m/z
Ile7 m/z 7

with m/z 7  et al.

In the initial screen, Bacillus 
bacteria and fungi. NanoRAPIDS allowed us to readily establish which detected 
individual mass features contributed to the bioactive nanofraction. This showed 
that the initially detected antifungal and antibacterial activity of the crude extract 
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N-acetylcysteine conjugate in a complex network of 
angucyclines in Streptomyces sp. MBT84 

Streptomycetes typically produce a large variety of angucyclines, which are the 

 et al.
this molecular family as an ideal challenge for nanoRAPIDS, seeking to identify 

showed that there is still a large chemical space that remains to be elucidated 
 et al.  et al. Streptomyces

a particularly large number of angucyclines and derivatives, many of which are 

 et al.
Streptomyces

grown cultures showed increased bioactivity against B. subtilis
 et al.

which mass features correlated to the increased bioactivity of Streptomyces sp. 

against B. subtilis
Automated peak detection combined with antimicrobial activity assays allowed 

onto the enhanced feature-based molecular network. Combining the output from 
molecular networking, MS2LDA and in silico annotation, the MolNetEnhancer 

 et al.

the molecular formula and monoisotopic mass using the Dictionary of Natural 

extracts from cultures supplemented with catechol. 
Multiple mass features were detected in the bioactive nanofractions, mostly 

features were selected, namely, m/z m/z m/z
that correspond to the mass of protonated aquayamycin derivative, in-source 
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Figure 4. NanoRAPIDS screen of extracts of Streptomyces sp. MBT84 in the presence and 
absence of catechol.
a Resazurin reduction assay against B. subtilis 

crude extract obtained from Streptomyces 
ml concentrations. b

 c Molecular network representing the bioactive 

the squares correspond to the colors of the chromatographic peaks and highlight the mass features 
detected in the bioactive nanofractions. The node size represents the relative abundance of the ion, 
in dark purple withing the catechol-grown sample and in light purple the control. The edge thickness 
attribute is an interpretation of cosine similarity score, with thicker lines indicating higher similarity.
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Table 2. List of mass features detected in the bioactive nanofractions of Streptomyces 
sp. MBT84 extract.
Peak Mass 

(m/z)
Quasi molecular ion Molecular 

formula
Compound annotation Reference

1 C H O  Aquayamycin derivative  et al., 
H O2 C25H27O
H O2-H2 C25H25O

2 C25H27O  
 

et al.2 C25H25O

3 C H NO S Unknown  -

2O C H NO S
C H O Unknown  -

5 NA     
4 C H O Saquayamycin  et al., 

 
et al.
Lai et al., 

6 C H O  et 
al.
Uchida 
et al.

2 C H O

C H O  
et al.

7  Unknown angucycline-like 
compound

 

C25H25O   et 
al.
Erb et al., 

8 C25H27O  
 et 

al.

9 C H O  et al., 
 

et al.
Lai et al., 

H O C25H25O

10 C H O Landomycin R  et 
al.

11 C25H O
Digitoxosylde-
hydrorabelomycin

 et al., 
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Peak Mass 
(m/z)

Quasi molecular ion Molecular 
formula

Compound annotation Reference

12 C H O  et 
al.
Uchida et al., C H NO

13 C H O  
et al.

14 C H O  et 
al.
Uchida et al., C H O

2 C H O

To our knowledge, the compounds with m/z m/z 

Interestingly, the mass feature with m/z

based on the enhanced molecular network annotation.
Large-scale fermentation was performed to elucidate the structure of this 

compound. Streptomyces

1
2 1 had a molecular 
formula of C H NO

NMR analysis showed that 1 is a derivative of saquayamycin B
 et al.

derivatization is at C-5, which showed in the NMR a signal for a tetrasubstituted 

c . This was 
established through the HMBC correlations from H2

H N-acetylcysteine 
1 based on the observed 

remaining NMR signals and correlations, together with the established molecular 
formula. The N-acetylcysteine was connected to C-5 of the saquayamycin B   
core through the sulphur atom based on the HMBC and NOESY correlations 
observed from the protons of the methylene group in N-acetylcysteine to 

compound 1 could not be determined due to the limited amount of material 

Table 2. Continued
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R S S, as was consistently 
 et al.  

et al. N-acetylcysteine moiety, an L-cysteine would be expected. 
The molecular formula of compound 2 was established to be C25H O

2

The isolated saquayamycin N and fridamycin A were tested for antibacterial 
activity. The compounds 1 and 2 showed moderate activity against B. subtilis 

bioactivity for 1 and 2 aligned with the data obtained in the resazurin reduction 
assay and corroborated the contribution of saquayamycin N and fridamycin 

The resazurin reduction assay in the nanofractionation setup only has a short 

MIC assays which are based on overnight cultures. To validate the contribution 
of saquayamycin N and fridamycin A to the activity detected in the crude 

resazurin reduction assay was performed as previously described. The selected 

Figure 5. Structures of saquayamycin N (1) and fridamycin (2) isolated from Streptomyces sp. 
MBT84.

Compound 1 was, to the best of our knowledge, previously unreported 
and was named as saquayamycin N. The structure of the isolated compound 2 
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corresponds to fridamycin A.
The potential of these two isolated molecules should be addressed by 

further investigation of their anticancer activity, as the compounds from the 
 

et al.
NanoRAPIDS is a pipeline based on at-line nanofractionation technology, 

which allows to establish which detected individual mass features contribute to 

of new natural product families. Nevertheless, the discovery of novel bioactive 

discovery.

Conclusions

and in particular antibiotics, in small culture extracts against a background of 
abundantly present known antibiotics. The powerful combination of analytical 

hours. Therefore, multiple extracts obtained from a range of culturing conditions 
can be rapidly tested for bioactive compounds and dereplicated, which is 
particularly powerful when combined with elicitation approaches in antibiotic 

 et al.

bioactive members of the iturin and surfactin molecular families in extracts of 
Bacillus
saquayamycin N with a unique cysteine moiety in extracts of Streptomyces sp. 

level extracts or biological mixtures against a range of indicator strains. 
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Materials and Methods
Bacterial strains and culturing conditions 

Bacillus
previously been isolated from the peanut rhizosphere in Tallassee, Alabama, 

Streptomyces
 et al.

collection and had been isolated from soil samples collected from the Qinling 
 et al. Streptomyces

Escherichia coli -

Bacillus subtilis  et al. Aspergillus niger 
 et al.

A. 
niger

Metabolite extraction

Bacillus

Streptomyces 

Bergeijk et al.

Liquid chromatography, at-line nanofractionation and mass spectrometry

Liquid chromatography separation, subsequent at-line nanofractionation and 
parallel mass spectrometry analysis were performed in an automated fashion. 
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 et al.

m/z
Data-dependent MS2 spectra were acquired in the ion trap for the three most 

dried under vacuum. In order to determine the delay between the MS trace 

Resazurin reduction assay 

The antibacterial and antifungal activities of the nanofractionated Bacillus sp. 

B. subtilis E. coli
 of 0.005. Resazurin 

25 
containing dried nanofractions. Controls were pipetted in the last column of the 

 et al.
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Spores of A. niger  were harvested from CM agar plates, pregerminated 

5

A. niger
added to the A. niger spores in the positive control wells. Subsequently, the 

measured with the median of all the values obtained in a single measurement. 

each nanofraction versus time at which each nanofraction was collected. 

Alignment of chromatograms

semi-automated process. Initially, the delay introduced by the tubing setup was 
determined by the injection of 0.2 g of nalidixic acid in the nanoRAPIDS set-
up and E. coli

based on this determined delay. Subsequently, both the mass spectrometry 

function, the chromatograms were then aligned to the center, ensuring accurate 
synchronization of the two datasets. This semi-automated alignment procedure 
aimed to enhance precision in data interpretation and visualization, facilitating 
meaningful comparisons between the MS and bioactivity chromatograms.

Feature-based GNPS networking

A molecular network was created with the feature-based molecular networking 
 et al.

 et al.
 et al., 
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for MS scans and 0 for MS2 scans. 
Afterwards, chromatograms were built for the detected masses with a minimum 

m/z m/z, group intensity threshold of 
. Chromatogram deconvolution was 

2 scans was paired 
using 0.05 m/z

m z tolerance 
m/z

using single feature and old average mode by deleting the duplicate rows with 
m/z m/z in RT range 0.05 min and with m/z tolerance of 

m/z
2

2 spectral summary 

network spectra and library spectra were required to have a score above 0.7 

within the molecular network, information from in silico structure annotations 
 et al., 

 et al.
 et al.

 et al.
 et al.

extract of Bacillus

The molecular networking job from the extract of Streptomyces
can be publicly accessed at 
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Large-scale fermentation, extraction and fractionation

Large-scale fermentation of Streptomyces
 et al.

Streptomyces

2O. The resulted fraction was 

with H2

and eluted using a H2

20 min, to yield compound 1 2

1 H and C NMR data, 
m/z

C H NO
2 H and C NMR data, see 

m/z 25H27O , 

MIC tests

 et al.
compound 1 and 2 was made by dissolving them in MeOH to a concentration 

B. subtilis  
 

in fresh broth. Two-fold serial dilutions of compounds 1 and 2 were tested in 
the concentration range of 250 
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5  were included without test 

visible growth compared to the growth observed in the control wells. 

Acknowledgements
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Supplementary information
Table S1. NMR data of 1 (in CD OD at 298 K)
Position H, mult. (J in Hz)a

C, typeb

2 2

2

5

7
7a

2

75.7, CH

2
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Position H, mult. (J in Hz)a
C, typeb

2

22.5, CH
a b 

Table S2. NMR data of 2 (in CD OD at 298 K)
Position H, mult. (J in Hz)a

C, typeb

2 2

2

5 7.70, m

7
7a

27.0, CH
c 72.5, CH

2

77.7, CH

a b c the signal was suppressed with the water peak suppression

Table S1. Continued
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Figure S1. Delay calculation by correlation of mass spectrometry data with bioassay data. A. The 
bioactivity chromatogram of fractionated nalidixic acid against E. coli
negative maxima indicates the growth inhibition of E. coli. B. The extracted ion chromatogram 
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Figure S12. 1
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Figure S15. 1
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Figure S18. 2
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Figure S21. 2

Figure S22. Correlations obtained by COSY, HMBC and NOESY measurements in NMR of 
1 2
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2

Figure S23. 1
2 B. subtilis  Compounds were 
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