
 

 

 University of Groningen

Bacterial natural products
Ceniceros, Ana

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ceniceros, A. (2017). Bacterial natural products: Prediction, regulation and characterization of biosynthetic
gene clusters in Actinobacteria. [Thesis fully internal (DIV), University of Groningen]. University of
Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/875e4c3f-c3d2-4686-b790-44d0d23c32bd


CHAPTER 3 
 
Identification and characterization of 

the tunicamycin-like antibiotics  
(MM 19290) of 

Streptomyces clavuligerus 
 

Ana Ceniceros1, Mirjan Petrusma1, Kirstin Scherlach2, Wigard P. Kloosterman4,6, Axel 
Trefzer4,7, Danae Morales-Ángeles1, Theo Verboom3, Christian Hertweck2, Christina 
Vandenbroucke-Grauls3, Roel Bovenberg4, Ulrike Müller4, Lubbert Dijkhuizen1, Eriko 
Takano1,5 

 

 

 

1. Microbial Physiology, Groningen Biomolecular Sciences and Biotechnology Institute (GBB), 
University of Groningen, Nijenborg 7, 9747 AG, Groningen, The Netherlands 

2. Leibniz Institute for Natural Product Research and Infection Biology, Hans Knöll Institute 
Beutenbergstr. 11a, 07745 Jena, Germany 

3. Department of Medical Microbiology & Infection Control, VU University Medical Center, 
Amsterdam, De Boelelaan 1105, 1081 HV Amsterdam 

4. DSM Biotechnology Center, DSM Food Specialties B.V., 2613 AX Delft, The Netherlands  
5. Current address: Manchester Institute of Biotechnology, University of Manchester, 131 Princess 

Street, Manchester, M1 7DN United Kingdom 
6. Current address: Department of Genetics, Center for Molecular Medicine, University Medical 

Center Utrecht, Universiteitsweg 100, 3584 CG Utrecht, The Netherlands 
7. Current address: Life Technologies, GeneArt, Im Gewerbepark B35, 93059 Regensburg, Germany. 

 

 

  



CHAPTER 3   
 

66 

Abstract 

Streptomyces clavuligerus is a Gram-positive soil bacterium known for the 
synthesis of clavulanic acid, a β-lactamase inhibitor that is one of its main 
secondary metabolites. Here we report the construction of a mutant 
strain that is fully blocked in the synthesis of clavulanic acid, designated 
S. clavuligerus strain ∆7. The mutations introduced are also known to 
block the synthesis of holomycin. Blocking these major biosynthetic 
pathways was hypothesized to result in the overexpression and /or 
activation of other secondary metabolite biosynthetic pathways. Indeed, 
S. clavuligerus strain ∆7 was found to produce bioactive compounds, 
identified as tunicamycin-like antibiotics (MM 19290). These compounds 
are produced in trace amounts only by the wild type strain S. clavuligerus 
ATCC 27064. MM 19290 molecules were purified in sufficient amounts 
from S. clavuligerus strain ∆7 to allow their analysis by MS and MS/MS. 
This resulted in putative identification and characterization of 6 different 
masses corresponding to derivatives of tunicamycin, corynetoxins and 
streptovirudines. These results contribute to our knowledge on the 
diversity of tunicamycin-related compounds synthesized by 
S. clavuligerus ATCC 27064.  
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Introduction 

Members of the genus Streptomyces are known to produce many 
secondary metabolites, small molecules that are not essential for growth 
but may provide competitive advantages to the organisms that produce 
them. In many cases, they have important applications for humans, in 
medicine as antimicrobials or as drug components. About one third of 
currently used medicinal antimicrobial compounds are produced by 
members of the genus Streptomyces 1. Secondary metabolites also have 
applications in food and textile industries as pigments or as sweeteners 
like stevioside 2 or in agriculture as herbicides 3. Furthermore, some 
secondary metabolites are used as precursors in the synthesis of 
bioplastics 4. In view of the industrial importance of secondary 
metabolites, it has become essential to understand how these 
compounds are produced and how their biosynthesis is regulated. Based 
on the rapid development of computational methods we have been able 
to identify many cryptic putative secondary metabolite clusters hidden in 
the genome sequences of a variety of microorganisms 5. In most cases, it 
is unknown why these clusters are silent. The activation of these cryptic 
clusters is currently attempted aiming to identify novel and bioactive 
natural compounds. Several techniques have been used for this purpose. 
In some cases, modifying regulators, activators or repressors, both 
general or pathway specific, led to the production of a new compound 6. 
Another strategy is to force the expression of biosynthetic genes in the 
targeted cluster 7-10 or to heterologously express these clusters in more 
efficient or more easily cultivated strains 11-15. Another approach is to 
inactivate known pathways to free precursors that subsequently may be 
used in primary or secondary metabolism 16, 17. Also, the further 
elucidation of partially known biosynthetic pathways is important, e.g. to 
elucidate which precursors are used and thereby understand how these 
pathways may be competing or interacting with each other.  
S. clavuligerus strain ATCC 27064 is a known industrial producer of 
clavulanic acid and cephamycin C. Clavulanic acid is one of the main 
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secondary metabolites from S. clavuligerus. It is a β-lactamase inhibitor 
that is co-formulated with amoxicillin under the brand name Augmentin 
18. Cephamycin C is a β-lactam antibiotic with activity against Gram-
positive and Gram-negative bacteria 19. In addition, S. clavuligerus 
produces various other  β-lactam compounds (clavams) 20, trace amounts 
of holomycin, a member of the pyrrothine class of antibiotics 21, 22, and 
trace amounts of a tunicamycin-like antibiotic (MM 19290), an inhibitor 
of N-linked glycosylation 21. The genome of S. clavuligerus is comprized of 
a 6.8 Mb linear chromosome and an additional large linear plasmid of 1.9 
Mb 23. Bioinformatics analyses of this genome revealed the presence of 
48 putative biosynthetic gene clusters 23. 
This work reports the construction of a mutant strain of S. clavuligerus, 
carrying 7 deletions in the clavulanic acid biosynthesis pathway and 
thereby blocked in the production of clavulanic acid and clavams 
(S. clavuligerus strain ∆7). As shown by de la Fuente et al. 22, a blockage 
in the beginning of the clavulanic acid synthesis, before the formation of 
clavaminic acid, is known to impair the production of holomycin, a 
compound that does not share precursors with clavulanic acid. It is 
hypothesized that a clavulanic acid precursor, e.g. clavaminic acid or an 
earlier intermediate, acts as a regulator of holomycin synthesis 22. S. 
clavuligerus strain ∆7 did not produce cephamycin C, clavams and 
holomycin. Instead tunicamycin-like molecules were detected. No 
structural information for (different) S. clavuligerus tunicamycin-like 
molecules MM 19290 was available yet. In this study, we have purified 
and characterized 6 different tunicamycin-like molecules produced by S. 
clavuligerus strain ∆7.  
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Materials and methods 

Strains, media and growth conditions 
Composition of the Tryptone Soya Broth (TSB), R5, and 2YT media used is 
described in Kieser et al. 24. The 50% CM-3, CLA-SA1 (agar medium) and 
PAXSA4 (sporulation agar) are described in Koekman and Hans 25. For 
antibiotic production, S. clavuligerus strain ∆7 was grown in a 20 ml 
preculture of TSB for 2 days at 25 °C. Then 500 ml of CLA-SA1 medium 
was inoculated with a 1:100 dilution from this preculture and incubated 
at 25 °C and 220 rpm for 5 days.  Reporter strains listed in Table 1 and a 
collection of bacterial strains from the Free University Medical Center, 
both Gram-positive and Gram-negative species, were grown in Luria-
Broth medium (Sigma). 

Table 1. Bacterial strains used in this study. 

Bacterial strain Description/comments Reference 

S. clavuligerus 
ATCC 27064 

Clavulanic acid producer ATCC collection 

Streptomyces 
clavuligerus ∆7 

Streptomyces clavuligerus 
∆ceaS2, ∆bls2, ∆pah2, ∆cas2, 

∆oat2, ∆oppA1, ∆claR 

Gram-positive, producer strain 

This work 

Bacillus subtilis 
ATCC 6633 

Gram-positive, reporter strain ATCC collection 

Escherichia coli 
JM101 

Gram-negative, reporter strain Sambrook and Russell 26 

Kocuria rhizophila 
ATCC 9341  

Gram-positive, reporter strain ATCC collection 

Serratia 
marcescens 

Gram-negative, reporter strain University of Groningen, 
soil isolate 
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Construction of ceaS2-claR deletion cassette 
Seven genes from the clavulanic acid gene cluster were simultaneously 
deleted: ceaS2, bls2, pah2, cas2, oat2, oppA1 and claR. A thiostrepton 
marker was inserted in between 3000 bp flanking regions of the targeted 
genes. The resulting deletion cassette was fused to pSET152 24, while 
removing the integrase function. The deletion cassette was transferred to 
S. clavuligerus ATCC 27064 by conjugation. The following primer sequences 
(with the restriction site used for cloning shown underlined) were used to 
amplify the 3000 bp flanking regions: ceaS2-claR Fw-down HindIII-
5’aagcttcgagcagactcgtggtgcgg, ceaS2-claR Rv-down XbaI 
5’tctagagggaagaccgtctcgtcccg, ceaS2-claR Fw-up NsiI 
5’atgcatgtcgccgaggagatacacgg, ceaS2-claR Rv-up DraI 5’ 
tttaaatcgatacacgggacatgagc. 

Conjugation protocol in S. clavuligerus ATCC 27064 
Escherichia coli ET12567 with plasmid pUZ8002 24 was transformed with 
the deletion cassette. One ml of an overnight culture of 
ET12567/pUZ8002 containing the deletion cassette grown on LB 
containing chloramphenicol (25 μg/ml), kanamycin (50 μg/ml) and 
apramycin (50 μg/ml) was inoculated into 100 ml fresh 2xYT with 
apramycin (25 μg/ml) and grown at 37°C to an OD600 of 0.4. Cells were 
washed once with 2xYT and resuspended in 10 ml of 2xYT. S. clavuligerus 
mycelium was grown for 2 days in liquid TSB medium. Then, 0.5 ml 
ET12567/pUZ8002 containing the deletion cassette was mixed with 1 ml 
of S. clavuligerus mycelium washed 3 times in 2xYT. The mix was briefly 
centrifuged and resuspended in 0.5 ml of 2xYT. Subsequently, 100 μl of 
dilutions 10-1 to 10-2 were plated on R5 agar without sucrose. Plates were 
incubated overnight and overlaid with 200 μl Milli Q water containing 
apramycin (5 mg/ml), nalidixic acid (2.5 mg/ml) and ampicillin (5 mg/ml).  
To allow for a second cross-over, colonies of the ex-conjugants obtained 
from the overlaid plates were re-streaked at least 5 times on PAXSA4 agar 
with thiostrepton selection, with at least once a re-streak from spores. 
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Colonies that had performed the double crossover were apramycin 
sensitive and thiostrepton resistant. All isolated potential deletion 
mutants were checked by PCR for the absence of the ceaS2 and oppA1 
genes and the presence of the thiostrepton marker gene. This resulted in 
identification of strain ∆7, containing the thiostrepton marker gene and 
lacking the targeted clavulanic acid genes.  

Clavulanic acid production and HPLC analysis 
To test for clavulanic acid production, S. clavuligerus ATCC 27064 and S. 
clavuligerus strain ∆7 were cultured in CLA CM3 50% medium for 4 days. 
Then 80 μl culture supernatant was taken and treated with 20 μl 
clavulanic acid derivatisation reagent (8.25 g imidazole, 2 ml 5 M HCl, pH 
6.8, in a total volume of 40 ml), a procedure adapted from 27. Amounts of 
the clavulanic-imidazole derivative were determined by HPLC using a TSP 
P4000 Pump, an AS 3000 injector, and a UV1000 detector. 
Chromatographic separations were performed using a Nova-Pak C18 
Column, 5 µm, 4.6 mm X 150 mm with the following protocol: 8 min at 
100% 0.1 M K2HPO4, 6% MeOH, pH 3.2 (H2SO4) (A), then a gradient was 
applied from 100% A to 30% A and 70% MeOH (B) in 4 min and a second 
gradient from 30% A to 100% A in 2 min. Finally, 100% A was kept for 15 
min. The clavulanic-imidazole derivative was detected at 311 nm. 

Extraction procedure 
S. clavuligerus strain ∆7 cultures were spun down by centrifugation. The 
supernatant was mixed with EtAc 1:1 (v/v). The EtAc phase was dried 
down, resuspended in methanol and filtered using a 3 kDa column 
(Amicon Ultra 0.5 Centrifugal filter devices) according to the 
manufacturing instructions. A final concentration of 5000x was used for 
further studies. Each extract was tested for bioactivity before continuing 
with the purification of metabolites. 
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Purification of the bioactive compound 
The purification process followed in this work is summarized in Figure 1. 

 

Figure 1. Purification steps performed with supernatants of S. clavuligerus strain ∆7 cultures. 
Three bioactive fractions were obtained from the pre-purification step (Fractions 1A-C). Fraction 
1A was further purified through three HPLC steps before it was analyzed by high-performance 
liquid chromatography diode-array detector-high-resolution electro-spray ionization mass 
spectrometry (HPLC-DAD-HRESI-MS). Fractions 1B and 1C were directly analyzed by HPLC-DAD-
HRESI-MS. 



TUNICAMYCIN 
 

73 

Solid phase extraction 
The filtered crude extracts from the supernatants of the liquid cultures 
were dried and resuspended in Milli Q water. The extracts were loaded 
on an Oasis HLB column (6 ml). After a wash step with water, the sample 
was eluted using 10%, 30%, 50%, 70%, 90% and 100% of acetonitrile 
(MeCN). All the fractions were collected, dried and resuspended in 
methanol (keeping the original 5000x concentration) and tested in a 
bioactivity assay (see below).  

Analytical HPLC 
The bioactive fractions obtained from the Oasis HLB column (50%, 70% 
and 90% of acetonitrile fractions, fractions 1A-1C, Figure 1) were analyzed 
by an analytical HPLC to determine whether the activity observed was 
produced by a single or by multiple compounds. The HPLC equipment 
consisted of a Jasco Pu-980 Intelligent HPLC Pump and a Jasco LG-980-02 
Ternary gradient. Chromatographic separations were performed using a 
Grace Platinum C18-EPS column (250 X 4.6 mm). Sample injections were 
performed by a Jasco 851-AS Intelligent sampler. The injection volume 
was 50 µl. The eluent was monitored at 210 nm by a Jasco UV-975 
Intelligent UV/Vis detector. Acetonitrile was used as mobile phase (10% 
MeCN for 4 min, 10-100% MeCN in 46 min, 100% MeCN for 10 min). A 
flow of 1 ml/min was used in this purification and fractions of 2 ml were 
collected dried and resuspended in the initial volume to maintain the 
5000x concentration. 

Bioactivity tests 
Bioactivity-guided purification 

To follow the bioactive compounds in the different purification steps, 
bioactivity was determined by the agar diffusion method. Thus, 50 μl of 
solution were added to holes (9 mm in diameter) in NA agar plates seeded 
with 0.5 mL of a bacterial suspension. After incubation at 37 °C for 24 h 
the halo of the inhibition zone was measured.  
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Characterization of the bioactivity range of the bioactive fractions 2A-2F 
obtained from the semiprarative HPLC (see below) 

Hand warm LB agar was inoculated with the reporter strain before 
pouring the plates. Then 5 µl of the samples dissolved in methanol HPLC 
grade were spotted over the agar and allowed to dry. The plates were 
incubated overnight at 30 °C and checked for the presence of an 
inhibition halo. Commercial tunicamycin (Sigma) was used as standard. 

HPLC bioactivity-guided fractionation (Fraction 1A, Figure 1) 
To identify the peak corresponding to the bioactive compound in the 
complex mixture of fraction A1, further purification was performed using 
a semipreparative HPLC consisting on a C12 Jupiter Phenomenex 
analytical column (250 X 4.6 mm, 4 µm), an Agilent G1311B 1260 Infinity 
Quaternary LC System connected to an Agilent G1329A (1200 Series) 
standard autosampler. The detection was performed with the Agilent 
G1365D (1200 Series) multiple wavelength detector. Acetonitrile 
containing 1% trifluoroacetic acid (TFA) was used as mobile phase. A 
gradient of acetonitrile was used for elution (20% of MeCN for 4 min, 20-
25% in 2 min, going up to 35% of MeCN, 35-50% MeCN in 3 min, 50% 
MeCN for 4 min, 50-100% MeCN in 34 min; flow rate: 2.5 ml/min). In this 
way 5 ml fractions were collected, dried and resuspended in methanol to 
the initial volume to maintain the concentration. Bioactivity assays (see 
below) were performed with each fraction to follow the bioactive 
compound(s). Six bioactive fractions were obtained (fractions 2A-F, 
Figure 1).  

Preparative HPLC  
Extra purifications steps were performed using a Shimadzu LC-8a series 
preparative HPLC with diode-array detector (DAD) (column: Phenomenex 
Synergi Fusion RP18 250 x 20, gradient mode with MeCN/0.01% TFA 
(H2O): 20% MeCN to 83% MeCN in 30 min, then 83% MeCN for 10 min; 
flow rate 10 mL/min or Nucleosil 100-5 RP18 250 x 10 mm column using 
a MeCN gradient: (40% MeCN to 100% MeCN in 30 min, then 100% MeCN 
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for 10 min; flow rate 5 mL/min)). Four bioactive fractions were obtained 
(4A-4D, Figure 1). 

HPLC-DAD-HRESI-MS and MS/MS analysis (Fractions 3A-3C, 4A-4D, 1B 
and 1C, Figure 1) 
HPLC-DAD-HRESI-MS: Exactive Orbitrap High Performance Benchtop LC-
MS with an electrospray ion source and an Accela HPLC system (Thermo 
Fisher Scientific, Bremen). HPLC conditions: C18 column (Betasil C18 3 μm 
150 x 2.1 mm) and gradient elution (MeCN/with 0.1 % HCOOH (v/v) 5/95 
for 1 min, going up to 98/2 in 15 min, then 98/2 for another 3 min; flow 
rate 0.2 mL/min; injection volume: 3 μL). MS/MS measurements were 
performed in the all ion fragmentation mode (HCD 45 eV). 
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Results 

Construction of S. clavuligerus strain ∆7 
Clavulanic acid is one of the main secondary metabolites of S. clavuligerus 
strain ATCC 27064. We deleted the first 7 genes from the clavulanic acid 
biosynthetic gene cluster (Figure 2); the resulting mutant was designated 
S. clavuligerus strain ∆7. These deletions blocked the first steps of the 
clavulanic acid biosynthesis pathway (Figure 2), abolishing the production 
of both clavulanic acid and holomycin 22. 

 

Figure 2. Clavulanic acid biosynthetic gene cluster of S. clavuligerus. Disrupted genes are shown 
with a cross underneath. Genes disrupted and the function of the respective proteins encoded: 
ceaS2 ((2 carboxyethyl) arginine synthase), bls2 (β-lactam synthetase), pah2 (proclavaminate 
amidinohydrolase), cas2 (clavaminate synthase), oat2 (ornithine N-acetyltransferase), oppA1 
(clavulanate oligopeptide binding protein (transporter)), claR (pathway-specific transcriptional 
activator). 

Phenotypical analysis of S. clavuligerus strain ∆7  
S. clavuligerus strain ∆7 was grown on different solid media to analyse 
growth, sporulation and antibiotic production. Sporulation of the mutant 
strain ∆7 was significantly slower than in the wild type strain, taking more 
than 2 weeks to sporulate in both SFM and CLA-SA1 media compared to 
approximately 1 week for the wild type strain.  
S. clavuligerus strain ATCC 27064 and mutant ∆7 were grown in shake 
flasks with CM3 50% medium (for 4 days at 30°C). The clavulanic acid 
produced was analyzed by HPLC in culture supernatants. Under these 
growth conditions the ATCC 27064 strain produced around 100 mg/ml of 
clavulanic acid, but its synthesis was completely abolished in strain ∆7 
(data not shown)  
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S. clavuligerus strain ATCC 27064 and strain ∆7 were tested for bioactivity 
against the reporter strains B. subtilis (Gram-positive) and E. coli (Gram-
negative). Bioactivity (growth inhibition) was observed in all tested media 
against both reporter strains. Higher bioactivity was observed against B. 
subtilis than against E. coli (data not shown) 

Antibiotic production by S. clavuligerus strain ∆7 was also tested in CLA-
SA1 liquid media. After 5 days growth, the supernatant was extracted 
with ethyl acetate (EtAc) and tested for bioactivity by applying droplets 
of the extract on LB agar plates containing Gram-positive (B. subtilis and 
K. rhizophila) and Gram-negative (S. marcescens and E. coli) reporter 
strains. Growth inhibitory activity against all 4 strains was observed with 
these crude supernatant extracts. Again, highest activity was observed 
against B. subtilis (Supplementary information SI, Figure S1), therefore 
this reporter strain was chosen to follow the bioactive compounds during 
subsequent purification steps. 

Purification and characterization of bioactive compounds 
The bioactive compound(s) produced by S. clavuligerus strain ∆7 were 
subjected to several bioactivity-guided purification steps (Figure 1) (see 
supplementary information SI and Figure S2). Fractions 3A-C (Step 3, 
Figure 1) all showed bioactivity with 3B being the most active fraction. 
Sample 3B was further purified. Obtained bioactive fractions (Step 4, 
fractions 4A-4D, Figure 1) were analyzed by HPLC-DAD-HRESI-MS. Several 
compounds were detected with molecular masses ranging from 788 to 
858 Da (Table 2). The most prominent detected ion mass, found in 
fraction 4B, was m/z 831 Da [M+H]+ (Figure 3a, Table 2). From the high-
resolution MS data, a molecular formula of C38H62N4O16 was deduced. 
Dereplication with commercially available databases suggested a 
potential identity as tunicamycin derivative. To corroborate this 
hypothesis, MS/MS analysis was performed on fraction 4B and on a 
tunicamycin standard. The molecular composition of all detected 
fragment ions deduced from HRESI-MS was in agreement with the 
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proposed structure of tunicamycins and with published data (Figure 3b). 
Identification of tunicamycins was corroborated by comparison of the 
HPLC retention times with an authentic tunicamycin reference. 
 

To deduce whether active fractions 3A to 3C all contained tunicamycin-
like compounds, they were further analyzed by HPLC-DAD-HRESI-MS. The 
analysis showed the presence of tunicamycin masses in all fractions, 
similar to the compounds detected in fraction 4B. 
 

The detected tunicamycin-like compounds were found in fractions 
derived from fraction 1A (Figure 1). Fraction 1A displayed the highest 
bioactivity of the three fractions obtained from purification step 1. 
However, bioactivity was also detected in fractions 1B and 1C. Fractions 
1B and 1C were directly analyzed by HPLC-DAD-HRESI-MS, which resulted 
in the detection of the same tunicamycin-like masses present in fraction 
1A. In all analyzed fractions the mass of 830 Da was the most abundant, 
indicating that this is the predominant derivative produced by S. 
clavuligerus strain ∆7. 
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Figure 3. a) Mass spectrum of the main tunicamycin derivative detected in the LC-MS analysis of 
fractions 4A-4D (Figure 1) with a mass of 830 Da, which could correspond to tunicamycin IV and V 
or streptovirudin D2. b) Fractionation pattern of the tunicamycin core structure. Fragments of 
204, 610 and 628 Da were observed in the MS/MS results obtained for the main detected mass 
(830 Da) in the samples, confirming that these molecules are tunicamycin derivatives.  

S. clavuligerus ATCC 27064 is known to produce trace amounts of the 
tunicamycin-related antibiotic MM 19290 21, but no structural 
information is available yet 28. In our work with S. clavuligerus strain ∆7 
we obtained sufficient amounts of MM 19290 to be able to identify for 
the first time the mass of 6 different molecules that are produced by S. 
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clavuligerus (Table 2), which were then confirmed to contain the 
tunicamycin core structure by MS/MS (Figure 3). 

Table 2. Exact masses (Da) of the 6 putatively identified tunicamycin derivatives detected by LC-
MS in the different S. clavuligerus bioactive fractions. The molecule with an m/z = 831.42, which 
corresponding to for instance tunicamycin IV, V or streptovirudin D2, was the most abundant mass 
detected. In bold and underlined, molecules present in the tunicamycin standard used for 
comparison and that were also found in the experimental samples (Sigma Aldrich specifications 
of the product). Names of the structures were taken from Eckardt 29.  

 

The EtAc extracts were screened by LC-MS for other known S. clavuligerus 
compounds, e.g. cephamycin C, clavams or holomycin. None of these 
compounds were found. Cephamycin C is a highly polar compound and 
therefore unlikely to dissolve in EtAc. Clavams share the first 6 steps of 
their biosynthesis pathway with clavulanic acid, corresponding to the 
proteins encoded by the ceaS2, bls2, pah2, cas2 (2 steps) and oat2 genes, 
which have been deleted in S. clavuligerus strain ∆7. The large linear 
plasmid of this strain carries a paralogous copy of these genes that are 
known to be activated when the strain is grown in soy media, where also 
the production of clavulanic acid and clavams is higher 20. We grew S. 
clavuligerus strain ∆7 in media lacking soy, explaining the absence of 
clavams. 
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Characterization of the bioactivity of the purified compounds 
In order to analyse the activity range of these compounds, fractions 1B-
1C (Step 1, Figure 1) and 2A-2F (Step 2, Figure 1) were tested against 
different bacterial strains from the Free University Medical Center. No 
bioactivity was observed for Gram-negative strains (data not shown). 
Bioactivity was only observed against Gram-positive strains B. subtilis, 
Streptococcus pyogenes, Streptococcus iniae, Staphylococcus citreus and 
Staphylococcus saprophyticus, but not against Listeria monocytogenes, 
Enterococcus faecium, or Lactobacillus casei (Supplementary information 
SII Figure S3). Fractions 2C and 2D produced the largest inhibition halo. 

Semi-quantification of the concentration of putative tunicamycin 
derivatives present in the samples 
The bioactivity of the fractions 2A-2F (Step 2, Figure 1) was also compared 
to that of different concentrations of commercial tunicamycin using B. 
subtilis, S. pyogenes, S. citreus, L. casei, L. monocytogenes, E. faecium, S. 
saprophyticus and S. iniae (Supplementary information SII Figure S3). 
With all the strains tested, the size of the inhibition halo caused by the 
fractions with highest activity (2C and 2D, Figure 1) was similar to the one 
observed for 0.1 µg of tunicamycin (Figure 4). Since 5 µl of these samples 
were used for the assay, it can be calculated that fractions 2C and 2D 
contain a bioactive concentration equivalent to a tunicamycin 
concentration of about 20 µg/ml. The total amount of tunicamycin 
equivalents obtained in purification step 2 was calculated based on this 
estimate, resulting in approximately 430 µg. The initial amount of 
tunicamycin equivalents in the culture, however, was higher due to loss 
of the compound through the different purification steps. The diameter 
of the inhibition halo produced by fractions 2C and 2D was between 60-
66% of the halo observed from the crude extract, which gives an 
approximation of the purification yield obtained. 
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Bioactive fractions 2A 2B 2C 2D 2E 2F 

Size of halo (mm) 0 4 5 5 3 0 

Figure 4. Semi-quantification of tunicamycins synthesized by S. clavuligerus strain ∆7. Comparison 
of the inhibition halo sizes observed with B. subtilis using the purified fractions 2A-F and different 
amounts of commercial tunicamycin (5 µg, 1 µg, 0.5 µg, 0.1 µg and 0.05 µg). The fractions that 
show the highest bioactivity (2C and 2D) produced a halo of similar size to the one observed when 
spotting 0.1 µg of commercial tunicamycin, indicating that the concentration in these samples is 
around 20 µg/ml. This test was also performed using S. pyogenes, S. citreus, L. casei, L. 
monocytogenes, E. faecium, S. saprophyticus and S. iniae. Fractions 2C and 2D produced a halo of 
similar size as 0.1 µg of tunicamycin with all the strains tested (Supplementary information SII 
Figure S3). For fraction numbers, see Figure 1. 
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Discussion and conclusions 

S. clavuligerus ATCC 27064 is known for the production of clavulanic acid 
and cephamycin C. In addition to these two main secondary metabolites 
the strain also produces a few other bioactive compounds, but in lower 
amounts, or even trace amounts. Analysis of its genome sequence 
showed that, apart from the known compounds from this strain, it has 
the potential to produce around 40 extra compounds encoded in cryptic 
gene clusters 23. This large potential for secondary metabolite 
biosynthesis makes the characterization of this strain of high interest. 
Tunicamycins are a group of nucleoside antibiotics that were first 
described by Takatsuki et al. 30 as products of Streptomyces 
lysosuperificus. The first structures of tunicamycin molecules were 
elucidated in 1977 31. Tunicamycins consist of an uracil moiety, an N-
acetylglucosamine moiety, a sugar containing 11 carbons plus a 2-
aminodiadose residue, and an N-acyl chain which may be of different 
length. These molecules show bioactivity against Gram-positive bacteria, 
fungi, yeasts and viruses. Over 15 different tunicamycin molecules that 
differ in the length of their N-acyl chain have been described from 
different producers 32. Subsequently, other highly related nucleoside 
antibiotics called streptovirudines and corynetoxins were described 
which display structural differences with tunicamycins. Following the 
classification of these closely related compounds 29, streptovirudins 
contain shorter fatty acid residues than tunicamycins, and sometimes 
they contain an anteiso methyl branching in the acyl chain 33. In the case 
of series I of streptovirudines they contain dehydrouracil instead of uracil. 
Classes B2a and C2 have the same structure as tunicamycin molecules. 
Corynetoxins, however, contain slightly longer fatty acid chains than 
tunicamycins. These molecules also contain anteiso methyl branching but 
only in acyl chains with an odd number of carbon atoms 29, 33, 34. The 
reason why tunicamycins are produced in such an array of diverse 
molecules is unknown. The various molecules, however, need different 
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concentrations to show the same activity 35. Other bioactive compounds 
are also produced in arrays of different derivatives. In these cases, the 
different molecules also show a different degree of bioactivity 36, 37. 
The physiological role of bioactive compounds is often unknown. In some 
cases, the production of antibiotics is too low to reach a lethal level in the 
environment, which suggests that its function in the producer strain is 
different. One hypothesis is that they act as signalling molecules 38. This 
could be the case for tunicamycins in S. clavuligerus ATCC 27064 where 
they are produced in trace amounts 21. Their different configurations may 
modulate the strength of the response that they regulate.  
The tunicamycin gene cluster from S. clavuligerus was simultaneously 
first identified by Wyzsynsky et al. 28 and by Karki et al. 39 (Figure 5a). The 
putative biosynthetic pathway predicted by Wyzsynsky and collaborators 
for tunicamycin is shown in Figure 5b, with the various enzyme steps 
encoded by the genes in the biosynthetic cluster. No mutagenesis work 
has been previously done on tunicamycin biosynthesis in S. clavuligerus.  
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To gain further insight in the production of secondary metabolites by 
S. clavuligerus ATCC 27064, we constructed a mutant strain blocked in the 
biosynthetic pathway of clavulanic acid by deleting seven genes (resulting 
in S. clavuligerus strain ∆7). It is believed that an intermediate of the 
clavulanic acid biosynthesis pathway activates the production of 
holomycin 22. When the pathway is interrupted in the first steps, this 
intermediate is not formed and holomycin is not produced. S. clavuligerus 
strain ∆7 contains mutations mainly in early steps of the clavulanic acid 
biosynthesis pathway, but also in claR. Single deletion of this regulatory 
gene led to overproduction of holomycin 22, but we were not able to 
detect holomycin in the strain ∆7 samples. This corroborates the 
hypothesis that an early intermediate in the synthesis of clavulanic acid 
induces the production of holomycin. S. clavuligerus strain ∆7 tested 
positive for production of antimicrobial compounds on solid and liquid 
media, active against E. coli and B. subtilis. Bioactive compounds were 
purified using several HPLC steps (Figure 1). We succeeded in producing 
and purifying sufficient amounts of these bioactive compounds from S. 
clavuligerus strain ∆7 to be able to structurally identify and characterize 
6 different tunicamycin derivatives. Tunicamycins are produced in trace 
amounts by S. clavuligerus ATCC 27064 21 and until now no structural 
information was available 28. The masses of the 6 structurally different 
tunicamycin-like molecules identified as products of mutant strain ∆7 
correspond to the masses of both tunicamycins and streptovirudines 29. 
Two of the molecules synthesized by strain ∆7 also have the same exact 
mass as various corynetoxins (Table 2). The mass 830.42 Da 
corresponding to the tunicamycin derivative IV, V or streptovirudin 
derivative D2 was the predominant molecule produced by this strain. Due 
to the high structural similarities between tunicamycins, streptovirudines 
and corynetoxins, some of the homologues of tunicamycin detected by 
LC-MS in our work in fact may represent more than one compound. For a 
more precise identification of the compounds produced by S. clavuligerus 
strain ∆7, NMR analyses would be required. Besides the tunicamycins-like 
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compounds, no other bioactive compounds from S. clavuligerus were 
detected in any of the bioactive extracts. 
Tunicamycins are compounds with a wide variety of uses. Their capacity 
to inhibit N-glycosylation has many uses in medicine. They lower the 
infectivity and productivity of different viruses through the modification 
of the glycosylated proteins of the envelope 40, 41, modify cell surface 
proteins in bacteria, which in Streptococcus pneumoniae affects the 
glycosylation of adhesins, reducing the capacity of these organisms to 
adhere to different tissues 42. Moreover, they can be used to treat 
tumours by modifying protein glycosylation in tumoural cells which in 
some cases reduces the invasive properties of the cells and therefore the 
metastasis 43, 44. 
In this study, we were able to purify enough MM 19290 tunicamycin-like 
antibiotics from mutant strain ∆7 of S. clavuligerus strain ATCC 27064 to 
perform a partial structural analysis that allowed identification of 6 
different masses corresponding to tunicamycin-like molecules. The 
results add to a better understanding of the bioactive potential of the 
industrially relevant strain S. clavuligerus. 
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Supplementary information SI 

 

Figure S1. Bioactivity assays performed using the ethyl acetate supernatant extract from S. 
clavuligerus strain ∆7 grown for 5 days in CLA-SA1. Crude extract was tested for bioactivity 
against B. subtilis, K. rhizophila, E. coli and S. marcescens. Bioactivity was most clear using B. 
subtilis as reporter strain. 

Purification steps (Figure 1) 
First, the EtAc extract was loaded on a reverse phase SPE-Oasis column. 
Fractions were eluted using different concentrations of acetonitrile:water 
and tested for bioactivity against B. subtilis. Bioactive fractions eluted at 
50% acetonitrile (MeCN) (Fraction 1A), 70% MeCN and 90% MeCN 
(Fractions 1B and 1C). Highest activity was observed in fraction 1A. Only 
the aqueous phase was loaded into the column. A water-insoluble residue 
remained from the EtAc extract and was also tested for bioactivity. A very 
faint halo was observed, indicating that most of the bioactive compound 
had dissolved in the aqueous phase. 

HPLC analysis was done on fractions 1A to 1C obtained from the SPE-Oasis 
column (Figure S2). The obtained fractions were tested for bioactivity. 
From fraction 1A three bioactive fractions were obtained (Figure S2). 
Bioactive fractions from fractions 1B and 1C eluted at the same 
acetonitrile concentration (85-95%), suggesting that it is the same 
compound. Further purification was necessary for fraction 1A due to the 
high complexity of the sample.   
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Figure S2. Screening of the different active Oasis HLB fractions by analytical HPLC, equipped with 
a Grace Platinum C18-EPS column, and bioactivity evaluation of the fractions. a) Fraction 1A 
(Figure 1) eluted at 50% MeCN from the Oasis HLB column. After the analytical HPLC, fractions 12-
15 showed bioactivity. b) Fraction 1B (Figure 1) eluted at 70% MeCN fraction from Oasis HLB 
column. After the analytical HPLC, bioactivity was observed in fractions 21 to 23. c) Fraction 1C 
(Figure 1) eluted at 90% MeCN from Oasis HLB column. After the analytical HPLC, bioactivity was 
observed in fraction 22. The bioactive fractions against B. subtilis are shown below each 
chromatogram. The vertical lines indicate the fractions collected. The red areas indicate the 
fractions that show bioactivity. The blue line indicates the gradient of acetonitrile during the 
program.  

 

Fraction 1A was subjected to semipreparative HPLC. The resulting 
fractions were tested for bioactivity against B. subtilis by agar diffusion 
assay. Six bioactive fractions were obtained from this analysis (Fraction 
2A-2F). Highest activity was observed for fractions 2C and 2D. Fractions 
2A and 2B, 2C and 2D and 2E and 2F were mixed to form fraction 3A, 
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fraction 3B and fraction 3C (Figure 1). Fraction 3B was further purified by 
preparative HPLC. 
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Supplementary information SII 

 

Figure S3. Comparison of the bioactivity observed for the purified fractions (column A) and 
different amounts of commercial tunicamycin (5 µg, 1 µg, 0.5 µg, 0.1 µg and 0.05 µg; column B). 
The reporter strains used were B. subtilis, Streptococcus pyogenes, S. citreus, S. iniae, S. 
saprophyticus, L. casei, L. monocytogenes and E. faecium. 2A-2F: fractions 2A to 2F (Figure 1).  
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