
The zinc bound form of the 
actinomycete derived natural 
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This study was designed to identify the natural product compound produced by the actinomycete 
strain “S149” which is capable of inducing a strong small cell phenotype, called wee, in the fission 
yeast Schizosaccharomyces pombe. We purified the bioactive molecule, which, on the basis of mass 
spectrometry data, was identified as a novel zinc-bound form of the previously published molecule 
JBIR-141. JBIR-141 was not previously known to be a zincophore and does not possess structural 
features common to other bacterial zinc-binding natural product compounds. Testing the effect of 
the Zn2+ bound form of JBIR-14 against a series of S. pombe deletion mutants which express a wee 
phenotype suggested its potential target in fission yeast is either Pyp1, which is involved in regulation 
of the onset of mitosis, an important control in the eukaryotic cell cycle, or an element in the Pyp1 
signalling pathway.
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Actinomycetes are soil dwelling, filamentous bacteria which have a complex life cycle, often comprising 
differentiation and sporulation. They are well known for their ability to synthesize a wide range of bioactive 
natural product compounds, many of which are of medical and commercial importance. To identify interesting 
compounds, we have used the fission yeast Schizosaccharomyces pombe, which is a rod-shaped unicellular 
eukaryote that grows by apical extension and divides by medial fission and septation1 and is an excellent organism 
for genetic studies2. The genome has been sequenced3 and there is a genome wide gene deletion collection 
available4 making it a useful organism to identify morphological mutants and their cellular function5. The 
actinomycete strain S149, which induces a wee phenotype, was identified in a study where we described a novel 
screen for Actinomycete derived bioactive natural compounds using a microscopy-based approach, to determine 
their effect on S. pombe cellular morphology and to identify chemical entities affecting these processes6.

In the original screen we identified 242 actinomycete bacterial strains which induced strong cell morphology 
phenotypes in S. pombe, which were classified into 8 major phenotypes. We have previously reported the 
identification of several known natural products (cycloheximide, streptonigrin, leptomycin) which induce 
various S. pombe morphological phenotypes6 in addition to others (candicidin, streptothricin, fungichromin, 
filipin) which specifically induce a “rounded” phenotype6,7. However, Actinomycete strains capable of inducing 
a wee phenotype were of particular interest to us as a wee phenotype can be associated with premature entry 
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into mitosis and division of cells at a small cell size. This phenotype is associated with a rate limiting process 
controlling the onset of mitosis and so is important for understanding cell cycle control8.

Results & discussion
During the screen which identified S149 as a strain of interest, plugs cut from confluent lawns of S149 grown 
on GYM agar9 were bioassayed against S. pombe SAK95010 (as described below in “Experimental Procedures” 
4.2) the S. pombe cells exhibited a wee cell phenotype, (length = ~ 10 μm at septation) which closely resembles S. 
pombe mutant cells advanced into mitosis11. Figure 1a illustrates untreated S. pombe pmd1Δ cells whilst Fig. 1b 
illustrates S. pombe pmd1Δ cells treated with the purified bioactive molecule from S149, which exhibit a wee cell 
phenotype. We hypothesised that S149 produced a bioactive natural product capable of specifically inhibiting a 
component of the cell cycle control mechanism acting over the onset of mitosis. As such a molecule would find 
utility as an experimental tool in a similar fashion to okadaic acid12 we determined to purify and investigate the 
role of bioactive molecule produced by S149.

Purification of the bioactive natural product compound from S149
The 16 S rRNA sequence of S149 has been determined and the closest BLAST match is Streptomyces coeruleofuscus 
(GenBank: AB184840.1) with no mismatches over 1,413 nt. The physical appearance of S149 i.e. production of 
blue-green spores accompanied by production of dark brown pigmentation, is also consistent with the published 
description of Streptomyces coeruleofuscus13.

Following medium optimisation a study of the natural product compound produced by S149 was found to be 
maximally produced when the strain was cultured for 2–3 days on Medium I agar plates. The bioactive molecule 
produced was purified as described below (see “Experimental Procedures” 4.5–4.9) with the bioactive fractions 
being identified via S. pombe bioassay and phenotypic assessment of the S. pombe cells in the halo.

The purified compound was analysed by HPLC and bioactivity (haloes visible after 16–24 h) found to be 
associated with three peaks designated 1–3 (Fig. 2a). Additionally, we identified a further peak, designated Peak 
0, (Fig. 2a) which contained a closely related species, as determined by comparison of the u.v. absorbance spectra 
of Peaks 0–3, (Fig. 2b and c) but whose bioactivity against S. pombe was far slower to develop, and a less distinct 
halo was observed after 48–72 h. Material from the two major peaks- Peaks 0 and 1, was collected by “peak-
picking” using the HPLC (as described in “Experimental Procedure” Sect. 4.9). When analysed by direct injection 
MS (and MS-MS) the Peak 1 material was found to contain the protonated species m/z = 745.2735 [M + H+] in 
addition to the sodium adduct m/z = 767.2551 [M + Na+] (Fig. 3a). However, Peak 0 contained a mixture of ions 
(Fig. 4a) with the two most abundant being m/z = 683.3614 [M + H+] and m/z = 653.3655 [M + H+], in addition 
to the minor ion at m/z = 745.2755 [M + H+]. The Peak 0 m/z = 745.2755 [M + H+] species is identical to the 
m/z = 745.2735 [M + H+] already seen in Peak 1 (Fig. 3a). Moreover, it is clear from the MS-MS spectra, (Fig. 4b) 
that the m/z = 745.2755 [M + H+] ion generates the m/z = 682.8996 [M + H+] species (Fig. 4b), which is identical 
to the m/z = 683.3614 [M + H+] species seen in the MS (Fig. 4a). The MS-MS of the m/z = 683.3614 [M + H+] 
species generates the m/z = 652.9787 [M + H+] species (Fig. 4c) which is identical to the m/z = 653.3655 [M + H+] 
species seen in the MS (Fig. 4a).

We interpreted these data as the m/z = 683.3614 [M + H+] species as representing the S149 molecule of interest 
and the m/z = 745.2755 [M + H+] as being a Zn2+ bound form of the molecule. The mass difference between the 
m/z = 745.2755 [M + H+] and m/z = 683.3614 [M + H+] species is 61.9141, which is consistent with a loss of Zn2+ 
(mass = 63.929), and subsequent acquisition of two protons (mass = 1.007) by the S149 molecule, to maintain 
charge neutrality.

We also note that the m/z = 745.2735 [M + H+] species seen in Peaks 0–1 possesses a distinctive isotope 
pattern (Figs. 3a and 4a) which is not seen with the m/z = 683.3614 [M + H+] species (Figs. 3b and 4a). This 
provides additional evidence that the S149 molecule binds Zn2+ as the isotope pattern is consistent with the 
abundances of the natural isotopes of zinc (Zn64: 49.17%, Zn66: 27.73%, Zn67: 4.04%, Zn68: 18.56%, Zn70: 0.61%) 
(Fig. 5b). The isotope pattern from the m/z = 745.2735 [M + H+] correlates with that generated using the formula 

Fig. 1.  (a) Images of pmd1Δ cells after growing for 4 h in YES medium at 32 °C – JBIR-141/Zn2+, (b) Images of 
pmd1Δ cells after growing for 4 h in YES medium at 32 °C + JBIR-141/Zn2+. Black bars represent 10 μm.
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Fig. 2.  HPLC and U.V. absorbance data. (a) HPLC trace (λ = 254 nm) of a sample of purified compound 
from S149. The four peaks obtained, Peaks 0–3, are labelled, (b):U.V. absorbance spectrum of Peak 0, (c) U.V. 
absorbance spectrum of Peak 1.
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prediction/MS modelling tool based on C31H48N6O11Zn1 [H+] (Fig. 5a and b). We also note the change in mass 
exhibited by the m/z = 683.3614 [M + H+] species when it forms the m/z = 653.3655 [M + H+] species suggested 
the loss of a nitroso group (-N = O) as the mass difference correlates exactly with the mass of this group (Fig. 4a 
and c).

Querying of the “Dictionary of Natural Products” (​h​t​t​p​:​/​​/​d​n​p​.​c​​h​e​m​n​e​t​​b​a​s​e​.​c​​o​m​/​f​a​​c​e​s​/​c​h​​e​m​i​c​a​l​​/​C​h​e​m​i​​
c​a​l​S​e​a​r​c​h​.​x​h​t​m​l) with the Zn2+ bound and Zn2+ unbound species accurate masses (744.2665 and 682.3544, 
respectively), did not identify any potential candidate molecules and it seemed prima facie that the molecule was 
novel. Material from Peak 1 was supplied to Fundacion Medina who, after confirming the MS data, calculated 
two possible molecular formulae, (C30H52N2O15Zn & C31H48N6O11Zn), each comprising the zinc ion known 
to be present. Subsequently, 1 H NMR spectra were obtained by Fundacion Medina and several structural 
motifs identified which were used in database searches which resulted in the identification of the non-zinc 
bound 683.3614 [M + H+] species as JBIR-141 (C31H50N6O11). Although JBIR-141 was published in 201514 it 
had not been entered in the “Dictionary of Natural Products” (​h​t​t​p​:​​​/​​/​d​n​​p​.​c​h​e​m​n​e​t​b​a​s​​e​.​​c​​o​m​/​f​​a​c​​e​s​/​​c​h​e​m​i​​c​​a​l​/​C​
h​​e​m​i​c​a​l​S​e​a​​r​c​h​.​x​h​t​m​l) at the time of the present study (07-2017). Additional evidence supporting the proposed 
identification is JBIR-141 is a nitrosohydroxylamine compound [reviewed in15] which comprises a nitroso 
group, which we predicted from the MS data.

Fig. 3.  Mass spectrometry data relating to the analysis of Peak 1. (a) MS data obtained when material from 
Peak 1 was analysed, (b) MS-MS mass spectrometry data obtained when the ~ m/z = 745.2735 [M + H+] ion 
from Peak 1 was analysed. The masses of the major ions are shown above the relevant peaks.
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We note that neither JBIR-141 nor JBIR-142 (or any of their variants/ derivatives/ degradation products etc.) 
are described by Kawahara et al.., as binding, Zn2+. It is possible the purification methods used by Kawahara et 
al., stripped the Zn2+ from the molecules and their analyses were therefore conducted on the Zn2+ free forms. 
Acidic methanol has been shown to be capable of removing zinc ions from natural product complexes16 and 
acidified solvents are described as being used by Kawahara et al.14 . Acidified solvents were not used in the 
present study.

JBIR-141 as a zincophore
Compared to the number of iron binding natural products (siderophores) zincophores are relatively few in 
number. They include the porphyrin, zincphyrin (Fig. 6a]16,  and the monocarboxylic acid ionophore zincophorin 
(Fig. 6b)17,18, together with the closely related compounds griseochelin19 and CP-78,54520. Zincophores also 
comprise several members of the nicotinianamine metallopine family21,22, i.e. staphylopine23,24, yersiniopine 
(Fig. 6c)25, bacillopine and pseudopaline26–28 and the more structurally diverse 2-hydroxyphenylthiazoline 
family which are characterised by possessing thiazolidine and/or thiazoline rings.

Fig. 4.  Mass spectrometry data relating to the analysis of Peak 0. (a) MS data obtained when material from 
Peak 0 was analysed, (b) MS-MS mass spectrometry data obtained when the ~ m/z = 745.2755 [M + H+] ion 
from Peak 0 was analysed, (c) MS-MS mass spectrometry data obtained when the ~ m/z = 683.3614 [M + H+] 
ion from Peak 0 was analysed. The masses of the major ions are shown above the relevant peaks.
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The 2-hydroxyphenylthiazoline family zincophores do not specifically bind zinc ions and often also form 
complexes with Cu2+and Fe3+. Transvalencin is considered to be a ferric iron binding siderophore, although it has 
also been shown to bind Zn2+ and Cu2+29,30 and yersiniabactin, (Fig. 6f) although well known as a siderophore, is 
also capable of binding Zn2+ and Cu2+ ions31, tetrazolemycin is capable of binding Cu2+, Zn2+ and Fe3+32, whilst 
micacocidin (Fig. 6e) has been shown to form complexes with Cu2+ (micacocidin B) and Fe3+ (micacocidin C), 
in addition to the dominant Zn2+ complexed form (micacocidin A)33,34. Coelibactin whose synthesis is induced 
by Zn2+35, may also be considered a zincophore, although this has not been demonstrated by purification of a 
coelibactin-Zn2+ complex. Pyochelin (Fig. 6d) is capable of binding Zn2+ and Fe3+36–38.

Pyochelin (Fig. 6d) is capable of binding Zn2+ although its affinity for Zn2+ is less than that for Fe3+39 and its 
affinity for iron is lower than for most siderophores40,41. Pyochelin binds Fe3+ with a 2:1 stoichiometry with one 
molecule of Pch tetradentately coordinated to Fe3+ and the second molecule bound bidentately to complete the 
octahedral geometry42,43.

A crystal structure of the Zn2+ complexed form of micacocidin (“Micacocidin A”) has been determined which 
allowed the Zn2+ coordinating atoms to be identified34. These are analogous to the atoms shown to coordinate 
Fe3+ in the yersiniabactin crystal structure44.

A crystal structure of the Zn/Mg salt of zincophorin, the best studied monocarboxylic acid ionophore 
indicated chelation of the cation occurs octahedrally via the carboxylate and hydroxyls of C11 and C13 of two 
molecules of zincophorin17. Although complexation studies established a stability order of zinc ≈ cadmium > 
magnesium > strontium ≈ barium ≈ calcium for zincophorin17 the affinity for iron and copper ions is unknown.

The groups involved in chelation of the zinc ion in JBIR-141 are unknown. However, the fact that two 
hydrogen ions are lost following zinc binding suggests that the oxygen atoms of the two hydroxyl groups in the 
molecule i.e. that of the nitrosohydroxylamine group and that linked to C24 of the tetramic acid moiety (Fig. 7a) 
are involved in coordination of the Zn2+. The involvement of the oxygen atom of the hydroxyl group present in 
the nitrosohydroxylamine moiety in co-ordination of the Zn2+ is likely given its involvement in binding Cu2+ in 
cupferron45 and dopastin46.

Fig. 5.  Modelled and actual data relating to zinc derived isotope patterns. (a) MS data illustrating the 
modelled isotope profile of the C31H48N6O11Zn1 [H+] ion, (b) MS data illustrating the isotope profile of the 
m/z = 745.2735 [M + H+] ion. The masses of the major ions are shown above the relevant peaks.
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Although the structure of JBIR-141 (Fig. 7a), does not resemble the abovementioned zincophores (Fig. 
6a–f) elements of its structure are analogous to those present in the well-studied siderophore mycobactin47–49. 
Mycobactin’s structure (Fig. 7b) resembles that of JBIR-141 in that the centrally located, derivatised amino acid 
residue of both molecules is a basic one (in the case of myobactin, lysine, and in the case of JBIR-141, ornithine). 
Additionally, the modified amino acid residue with a cyclised side-chain located adjacent (N-terminally 
located) to the modified basic amino-acid residue is a hydroxylated one in both molecules (serine in the case of 
mycobactin and threonine in the case of JBIR-141). Moreover, we note both molecules are capable of binding 
metal ions (in the case of myobactin, Fe3+, and in the case of JBIR-141, Zn2+).

Identifying the target of JBIR-141 in S. pombe
JBIR-141 was identified during a screen for inhibitors of Foxo3a activity14, although it is unclear from the available 
evidence whether it specifically targets the transcription factor itself, or an element of the upstream signalling 
cascade, for example AKT14. It is therefore difficult to extrapolate from this to explain the cell morphology 
phenotype observed in S. pombe in terms of the target of JBIR-141/Zn2+. Of the three forkhead proteins in S. 
pombe, the only one involved in the mitotic cell cycle in fission yeast is fkh2. A fkh2 deletion mutant is viable50,51 

Fig. 6.  Schematic diagrams of Zn2+ binding natural product compounds. (a) zincphyrin, (b) zincophorin, (c) 
yersiniopine, (d) pyochelin, (e) micacocidin, (f) yersiniabactin.
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and does not have a typical wee phenotype in fission yeast. It typically shows cells with different phenotypes such 
as misshapen and/or elongate cell phenotypes suggesting that it is not likely to be a major target of JBIR-141/
Zn2+ in fission yeast given that JBIR-141/Zn2+ produces a wee cell phenotype.

To regulate entry into mitosis in all eukaryotes Cdk1 (Cdc2 in fission yeast) is regulated by the tyrosine 
kinase Wee1, which phosphorylates Cdc2 Y15 and inhibits mitotic entry and the tyrosine phosphatase Cdc25, 
which dephosphorylates the Y15 residue and activates entry into mitosis52. In the Cdc2 AF-Cdc13 fusion protein 
strain53 T14 and Y15 have been mutated to A and F respectively and so cannot be tyrosine phosphorylated and 
thus are not regulated by Cdc25 and Wee1. This strain has a semi wee phenotype dividing on average at around 
12 μm. To see if JBIR-141/Zn2+ was acting by affecting tyrosine 15 phosphorylation levels of Cdc2, and thus 
advancing cells into mitosis, we added JBIR-141/Zn2+ to the cdc2 AF mutant and found a further reduction 
in average cell size at mitosis (Fig. 8), showing that JBIR-141/Zn2+ was able to advance cells into mitosis. This 
suggests that JBIR-141/Zn2+ is not acting through Cdc2 tyrosine phosphorylation regulation to promote entry 
into mitosis.

As one way to identify the target of JBIR-141/Zn2+ we used viable deletion mutants that have a semi wee 
phenotype when deleted11 (see Figs. 8 and 9 and “Experimental Procedures” 4.1 & 4.11–4.12). The mutants 
chosen were ones which generate viable healthy strains, as we did not wish the experiment to be complicated 
by poorly growing or “sick” strains in which the effects of JBIR-141 would be masked. Various combinations of 
these deletion mutants were smaller at cell division than each of the single mutants showing that these genes 
were acting in different pathways11. Using the single deletion mutants we reasoned that if addition of JBIR-141/
Zn2+ did not alter cell size at division then the gene product may be a target of JBIR-141/Zn2+, or the target 
gene product may act upstream or downstream in the same pathway, whereas, if the cell size at division is 
further reduced the gene product is unlikely to be a target of JBIR-141/Zn2+. Each of the mutants was crossed 
into a pmd1Δ background and tested for a further reduction in cell size in the presence of JBIR-141/Zn2+ (see 
“Experimental Procedures” 4.1 & 4.11–4.12). All but one of the wee mutants tested showed a highly significant 
reduction (p-value < < 0.001; one-tailed t-test) in cell size, of about ~ 10%, after addition of JBIR-141/Zn2+. On 
this basis, their products or pathways are unlikely to be targets of JBIR-141/Zn2+ (Figs. 8 and 9 and Supplementary 
Table S1). However, the pyp1 deletion mutant, did not show a significant reduction in cell size after addition of 
compound (p-value 0.10) (Figs. 8 and 9c,d and Supplementary Information Table S1), suggesting that Pyp1 is a 
direct target of JBIR-141/Zn2+, or the target is in the same pathway as Pyp1.

  
The specific nature of this result also demonstrates that JBIR-141 is not exerting its phenotypic effect merely 

by perturbing homeostatic zinc levels within the cell, either by transporting additional Zn2+ into the cell or 
acting within the cell to sequester Zn2+, but is presumably targeting a particular cellular component.

Fig. 7.  Schematic diagrams of metal ion binding natural product compounds. (a) JBIR-141, (b) mycobactin.
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 Pyp1 encodes a tyrosine phosphatase54 and directly negatively regulates the Sty1 Map kinase which is 
involved in the Stress activated Map Kinase cascade55. Loss of Pyp1 activity rescues the loss of G2/M activator 
Cdc25 and activates entry into mitosis at a small cell size56,57. Pyp1 acts upstream of Cdc2 at mitosis and is 
implicated in regulation of Cdc2 tyrosine phosphorylation. However, although further work is needed to exclude 
alternative explanations the results shown here suggest Pyp1 may also be acting independently of Cdc2 tyrosine 
phosphorylation to advance cells into mitosis in the presence of S149.

Conclusion
The actinomycete strain S149 which induces a strong wee phenotype in fission yeast, was previously identified 
in a study where we described a novel screen for Actinomycete derived bioactive natural compounds using a 
microscopy-based approach, to determine their effect on S. pombe cellular morphology. Here we have identified 
the natural product compound synthesized by S149 which was responsible for inducing the phenotype as 
a novel zinc bound form of JBIR-141. JBIR-141 was not previously known to be a zincophore and does not 
share common structural motifs with the other known bacterial zincophores – mostly members of the 
2-hydroxyphenylthiazoline family. By testing the effect of the Zn2+ bound form of JBIR-14 against a series of 
deletion mutants which express a wee phenotype we went on to show that JBIR-141/Zn2+ targets either the 
tyrosine phosphorylase Pyp1 itself, or an element in the same pathway. Further work is needed to determine 
whether JBIR-141/Zn2+ acts directly to accelerate mitotic entry in fission yeast, and other organisms.

Experimental procedures
Yeast strains, growth conditions and media
 4.1    The actinomycete strain S149 was originally identified using the SAK950 strain (h + ade6-M216, leu1-32, 
ura4-D18, caf5::bsdR, pap1Δ, pmd1Δ, mfs1Δ, bfr1Δ, dnf2Δ, erg5::ura4+)10. Following analysis of each of these 
single mutants from the deletion collection4 we found that a pmd1Δ h + was sufficient to make the yeast strains 
sensitive to S149 derived extracts. The deletion marker gene of pmd1Δ G418R4 was replaced by NatR and the 
pmd1Δ NatR h + strain crossed to 972 h- to obtain a pmd1Δ NatR h- strain. This was crossed to each of the wee 
mutants to select for the wee genes in the pmd1Δ background (G418R NatR). All strains were grown at 32 °C in 
YE4S58 except for crosses which were carried out on MEA agar plates.

Plug and filter paper assays
 4.2    Pipette tips, (1 ml) were used to cut agar discs/plugs from confluent lawns of S149 cultured on Medium 
I agar (see below). The bacterial plugs, plus a control plug (agar-only), were placed at spaced out intervals on a 
YE4S plate seeded with 5 × 105 mid log phase S. pombe SAK950 cells. This procedure was generally carried out 
after intervals of 3, 5, 7 and 9 days of bacterial culture. The plates were incubated overnight at 30 °C and scored 

Fig. 8.  Histograms illustrating the lengths of wee deletion mutant cells + or - JBIR-141/Zn2+. The mutations 
pyp1Δ, clp1Δ, zfs1Δ, gpa2Δ, pka1Δ, cdc2-AF-cdc13 (fusion), cdc2-cdc13 (fusion), snf1Δ and nif1Δ are all in 
the pmd1Δ background. Grey bars represent cell lengths at 0 h prior to the 4 h treatment +/- JBIR-141/Zn2+, 
white bars represent cell lengths after growing for 4 h in YES medium at 32 °C – JBIR-141/Zn2+ and black bars 
represent cell lengths after growing for 4 h in YES medium at 32 °C + JBIR-141/Zn2+. * p-value for similarity of 
+/- JBIR-141/Zn2+ cell lengths < 0.05.
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the following day for the presence/absence of a halo in the S. pombe lawns surrounding the plugs and, in the 
case of S. pombe SAK950, microscopically to assess the morphological appearance of the cells. As biomolecules 
can have differing effects at different concentrations, the morphological phenotype/s of the S. pombe cells was 
examined throughout the halo, from the plug to the halo edge.

 Filter papers discs (Whatman Cat No: 2017-006), soaked in 10–30 µl of extract, or appropriate solvents used 
as negative controls, were used, in place of bacterial plugs, as described above.

Fig. 9.  Images illustrating the sizes of wee deletion mutant cells + or - JBIR-141/Zn2+. Cells were grown for 4 h 
in YES medium at 32 °C before imaging. (a) pmd1Δ cells, no compound addition (b) pmd1Δ cells + JBIR-141/
Zn2+ (c) pyp1Δ cells, no compound addition; (d) pyp1Δ cells + JBIR-141/Zn2+ (e) gpa2Δ cells, no compound 
addition; (f) gpa2Δ cells + JBIR-141/Zn2+ (g) clp1Δ cells, no compound addition (h) clp1Δ cells + JBIR-141/
Zn2+ (i) zfs1Δ cells, no compound addition (j) zfs1Δ cells + JBIR-141/Zn2+. Black bars represent 10 μm. All 
cultures were in exponential growth (OD595 0.4–0.5) when photographed.
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Microscopy
4.3    Bright-field images of live cells were acquired on a Zeiss Axioskop 40 microscope equipped with a Zeiss 
63X/1.4 oil ph3 objective and a Zeiss Axiocam MRm camera. For the plug assay plates cell images were captured 
with a Sony HD AVCHD camera using a Zeiss Akioskop 40 microscope equipped with a X50/0.56 Nikon 
objective and 2.5X optivar.

Bacterial strains, growth conditions and media
4.4    The study focussed on strain S149 which strongly inhibited the growth of S. pombe and induced the wee 
phenotype. The closest match to the 16 S rRNA sequence for S149 is Streptomyces coeruleofuscus, (GenBank: 
AB184840.1) with no mismatches out of 1,413 nucleotides of sequence. The physical characteristics of S149 
are consistent with the published description of Streptomyces coeruleofuscus13. The strain was resuscitated from 
storage at -80 °C on oatmeal agar plates as described previously, and for spore production confluent bacterial 
lawns were streaked from the resuscitation plates on GYM agar plates and grown for 7 days at 30 °C6. Spores 
were prepared as described previously59.

Production of aqueous bacterial cell extracts
 4.5    S149 spores (~ 2,500 c.f.u. per plate) were streaked onto Medium I plates9 produced from 25 l of Medium 
I agar and grown at 30 °C (usually 2–3 days) until they strongly produced JBIR-141/Zn2+, as determined by 
assessing bioactivity using the “plug and filter paper assay”. The plates were harvested in 1 l batches, the agar/
mycelial mass disrupted by passaging through a 50 ml syringe and frozen separately at -20 °C.

Solvent extraction
 4.6    The aqueous extract produced by squeezing the thawed agar/mycelial mass through muslin was extracted 
with an equal volume of petroleum ether and subsequently with five equal volumes of ethyl acetate. The ethyl 
acetate extracts were pooled, rotary evaporated to dryness using a standard Büchi rotary evaporator and the 
dried material was stored at -80 °C under nitrogen. The dried material was resuspended in 75 ml methanol 
which was added to 1,425 ml H2O and then extracted with 2.7 l of dichloromethane (DCM).

Normal-phase flash chromatography and size exclusion chromatography
 4.7       Fifteen grams of silica was added and the DCM rotary evaporated to dryness using a Büchi rotary 
evaporator. The silica with adsorbed S149 derived material was divided into two equal portions and each 
portion was transferred into a pre-packed disposable K-Sil 50 g column (Biotage) and used in normal-phase 
flash chromatography with elution in a 0-100% chloroform-methanol gradient using a Biotage “Isolera One” 
chromatography machine. Fractions containing bioactive compounds were identified by spotting 30 µl aliquots 
onto filter paper discs, which were used in the “plug and filter paper assay”. Active fractions producing a halo of 
cells with the expected characteristic phenotypes were pooled and the methanol removed by a GeneVac Series 
II system equipped with a GeneVac VC3000TA condenser unit. The resultant sample was resuspended in 5 
ml methanol and loaded onto a 150 PSI Max (Omnifit) size exclusion column packed with Sephadex™ LH-20 
connected to a Biotage “Isolera One” chromatography machine and eluted in a methanol mobile phase (flow 
rate: 1 ml/min). Active fractions, identified by the “plug and filter paper assay” were pooled and the methanol 
removed using a GeneVac Series II system equipped with a GeneVac VC3000TA condenser unit. No acid was 
added to any of the solvents used in the purification procedure as this resulted in loss of bioactivity.

Reverse-phase flash chromatography
4.8      After resuspension in 20% methanol the sample was passed through a pre-packed “reverse phase” C18 
Ultra 12 g “flash” chromatography column (Biotage) and the bound compounds eluted in a 20–100% water 
- methanol gradient using a Biotage “Isolera One” chromatography machine. Fractions containing bioactive 
compounds were identified by spotting 30 µl aliquots onto filter paper discs, which were used in the “filter paper 
assay”. Active fractions producing a halo of cells with the expected characteristic phenotypes were pooled and 
the methanol removed by a GeneVac Series II system equipped with a GeneVac VC3000TA condenser unit. No 
acid was added to any of the solvents used in the purification procedure as this resulted in loss of bioactivity.

HPLC
4.9     All analyses/purifications were conducted as described previously7, using an Agilent Technologies 1260 
Infinity liquid chromatography machine equipped with either an Agilent Zorbax SB-C18 5 µM 4.6 × 150 mm 
column, a Waters Symmetry™ C18 4.6 × 250 mm column or an Agilent Eclipse Plus C18 3.5 µM 4.6 × 150 mm 
column equipped with a Hichrom C18 guard column JBIR-141/Zn2+ was eluted using a water – acetonitrile 
gradient over 30 min (10%-100% acetonitrile), with a flow rate of 1 ml min− 1 and monitoring with a DAD array 
at λ = 210, 254, 273, 280, 300, 450 and 600 nm relative to λ = 360, and λ = 350 nm relative to λ = 500 nm. Fractions 
(0.5 ml) were collected in a 96 well block and active fractions identified by the “filter paper assay”. Following 
correlation of peaks in the absorbance traces with the active fractions the method was repeated using an Agilent 
1260 integrated fraction collector to “time-slice” and collect column eluate corresponding to the bioactive eluate 
into glass tubes. No acid was added to any of the solvents used as this resulted in loss of bioactivity.

Mass spectrometry
4.10    After removal of solvent using the GeneVac Series II and addition of 25% methanol to enhance solubility 
the samples were analysed by electrospray mass spectrometry (ESI-MS) using an LTQ-FT (Thermo) mass 
spectrometer with a 7T magnet at the Pinnacle Laboratory (Newcastle University), as described previously7. 
Experiments were run with a parent/precursor scan at 100,000 resolution. MS/MS fragmentations were carried 
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out in the ion-trap (LTQ) stage of the instrument. No acid was added to any of the solvents used as this resulted 
in loss of bioactivity.

Testing the effects of JBIR-141/Zn2+ on cell length
 4.11    To examine the effect of JBIR-141/Zn2+ on the wee mutants, cells were grown in YE4S medium overnight 
to an O.D.595 = ~ 0.1–0.15, (Time 0 h) typically cultures were 5 ml. At Time 0 h cells samples were taken for % 
septation and cell length/width measurements. The culture was then split into two equal cultures (TEST and 
CONTROL) and purified JBIR-141/Zn2+ was added at 1/400 dilution of 10 mM stock in 96% ethanol to a final 
concentration of 25 µM to the TEST culture and equal volume of 96% ethanol to the CONTROL culture. Both 
cultures were incubated in a water bath at 32˚C with shaking and samples for O.D., septation index and cell 
length were taken at 2 h and 4 h. Preliminary experiments showed that the effect of JBIR-141/Zn2+ began to be 
observed between 2–3 h and was maximal at 4 h.

Cell length measurements
4.12     Cells were imaged using a Zeiss Axioskop and 60X lens using Axiovision. The length and width of at 
least 50 septated cells were measured at each timepoint using Image J. The Excel function T.TEST (one-tailed; 
homoscedastic) was used to generate the p-values described in the text relating to Fig. 8.

Data availability
Data and materials relating to this study will be made available on request. Queries should be directed to Prof. 
J. Errington.
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