
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/124327                                                        
 
How to cite: 
Please refer to published version for the most recent bibliographic citation information.  
If a published version is known of, the repository item page linked to above, will contain 
details on accessing it. 
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions.  
 
Copyright © and all moral rights to the version of the paper presented here belong to the 
individual author(s) and/or other copyright owners. To the extent reasonable and 
practicable the material made available in WRAP has been checked for eligibility before 
being made available. 
 
Copies of full items can be used for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge. Provided that the authors, title and full 
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata 
page and the content is not changed in any way. 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/124327
mailto:wrap@warwick.ac.uk


	

1	

 1	

Lysine harvesting gives rise to an underground polyamine pathway and is a new cellular 2	
antioxidant strategy 3	
 4	
 5	
Viridiana Olin-Sandoval1,4, Jason Shu Lim Yu2, Leonor Miller-Fleming1,8, Mohammad Tauqeer 6	
Alam5,  Stephan Kamrad2, Clara Correia-Melo2, Robert Haas1,2, Joanna Segal2, David Alejandro 7	
Peña Navarro9, Carmen Lucia Herrera2, Oscar Méndez-Lucio7 , Jakob Vowinckel1,6  Michael 8	
Mülleder1,2,3,  and Markus Ralser1,2,3* 9	
  10	
 11	
 12	
1. Department of Biochemistry, University of Cambridge, Cambridge, United Kingdom  13	
2. The Molecular Biology of Metabolism Laboratory, The Francis Crick Institute, London, United 14	
Kingdom  15	
3. Department of Biochemistry, Charité University Medicine, Berlin, Germany 16	
4. Present address: Department of Nutrition Physiology, Instituto Nacional de Ciencias Medicas y 17	
Nutricion Salvador Zubiran, Mexico City, Mexico 18	
5. Warwick Medical School, University of Warwick, Warwick, United Kingdom  19	
6. Present address: Biognosys AG, Schlieren, Switzerland 20	
7. Facultad de Quimica, Departamento de Farmacia, Universidad Nacional Autonoma de Mexico, 21	
Mexico City, Mexico 22	
8. Present address: Medical Research Council Mitochondrial Biology Unit, University of 23	
Cambridge, Cambridge, United Kingdom 24	
9. Department of Biotechnology, BOKU - University of Natural Resources and Life Sciences, 25	
Vienna, Austria 26	
 27	
 28	
 29	
Correspondence should be addressed to markus.ralser@crick.ac.uk	  30	



	

2	

Abstract  31	
 32	
 33	
We report a so far overlooked, but powerful, metabolic mechanism that protects cells in stress 34	
situations. A proteomic time course experiment linked the antioxidant role of the yeast polyamine 35	
transporter Tpo1 to lysine metabolism. A connection between polyamine and lysine metabolism 36	
was established by a promiscuous enzymatic reaction, in which the first enzyme of the polyamine 37	
pathway, Spe1p, decarboxylates lysine and forms an alternative polyamine, cadaverine. 38	
Enzymology revealed that this reaction can only proceed when lysine reaches very high cellular 39	
concentrations. We found that yeast accumulates lysine to reach concentrations that can be seventy 40	
to a hundred times higher than the concentrations required for growth and that the polyamine export 41	
machinery is important to enable this harvest. Comparable harvesting was not observed for other 42	
amino acids. Lysine harvesting was found to increase the concentration of NADPH, that is 43	
channelled into the antioxidant system to maintain a much higher glutathione pool, to mitigate ROS 44	
levels, and to increase oxidant tolerance. Hence, our results show that nutrient uptake occurs not 45	
only to enable cell growth but also to reconfigure metabolism to increase robustness by mounting 46	
a new type of metabolic antioxidant protection. 47	
 48	
 49	
  50	
  51	
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 INTRODUCTION 54	
 55	
Both single and multicellular organisms depend on anti-stress mechanisms that enable 56	
them to deal with sudden changes in the environment, including exposure to heat and 57	
oxidants. Key features of this anti-stress machinery include redox signalling and sensing 1, 58	
the induction of heat-shock proteins and molecular chaperones 2, the ability to slow growth 59	
and halt the cell cycle 3, and an elaborate capacity to repair oxidised macromolecules, as 60	
well as the antioxidant function of the glutaredoxin, thioredoxin and peroxiredoxin systems 61	
4,5. In humans, deficiencies in antioxidant metabolism, as well as oxidative damage on 62	
metabolites and macromolecules caused by age, have been associated with cancer, 63	
neurodegenerative disorders, and cardiovascular diseases 6–8.  64	

The redox machinery and successful balancing of the cellular redox state depend 65	
on metabolism to provide the required cofactors, in particular, NADPH, and on antioxidant 66	
metabolites, such as glutathione 9,10. So far, the glycolysis/pentose phosphate pathway 67	
(PPP) transition, which was discovered in yeast 11 and conserved from bacteria to humans, 68	
is the best understood metabolic balancing mechanism. Through the concerted action of 69	
transcriptional, post-transcriptional and metabolic processes acting at different timescales, 70	
PPP activity sharply increases, fulfilling the demand through higher flux within reactions 71	
that form NADPH, which in turn serves as an essential cofactor for antioxidant enzymes 72	
including the glutaredoxin system 11–19.  73	

Other metabolic mechanisms that support the stress tolerance of cells are less 74	
understood. A prominent group of metabolites that have been repeatedly associated with 75	
robustness of cells in stress situations are polyamines, specifically putrescine (Put), 76	
spermidine (Spd) and spermine (Spm), which are multifunctional polycations found in all 77	
organisms (Figure 1a) 20–27. To date, it is not fully clear how the polyamine pathway 78	
participates in promoting stress resistance in the cell, but it is likely that the multi-79	
functional nature of polyamines affects many processes 20. For instance, polyamines are 80	
pH buffers and can act as antioxidants 28. A largely unexplained role in antioxidant 81	
protection is attributed to the polyamine export machinery. When exposed to H2O2, yeast 82	
cells lacking or overexpressing the polyamine exporter TPO1 time the induction of several 83	
heat-shock proteins improperly, decreasing their oxidant tolerance 29.  84	

In trying to explain the metabolic basis of the oxidant tolerant phenotype of Δtpo1 85	
cells, we identified a so far overlooked antioxidant principle. Proteomics revealed that 86	
TPO1 deletion alters lysine metabolism in cells exposed to H2O2. We then found that 87	
polyamine and lysine catabolism are connected by an alternative polyamine, cadaverine. 88	
This is formed via a side-reaction - i.e. through substrate promiscuity - by Spe1p, the yeast 89	
ornithine decarboxylase that in its prominent function, catalyses the first reaction of the 90	
conventional polyamine pathway. We revealed that the promiscuous activity of Spe1p on 91	
lysine achieves relevant rates only when lysine levels are very high. We found that when 92	
cells have access to extracellular sources of lysine, they harvest the amino acid to reach 93	
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extreme cellular concentrations that greatly exceed the amounts required for cell growth 94	
and that functional polyamine export machinery is required to enable this extensive harvest. 95	
Lysine harvesting feedback-inhibits lysine biosynthesis and protects the cells by increasing 96	
the availability of NADPH and glutathione concentrations. Ultimately, this mechanism 97	
decreases ROS levels and increases resistance to extracellular oxidant exposure. Hence, 98	
metabolite import into cells occurs not only to fulfil biosynthetic demands for cell growth 99	
but also to mount robustness. 100	

    101	
 102	
RESULTS  103	
 104	
Lysine metabolism and polyamine export are linked via promiscuous activity of 105	
ornithine decarboxylase  106	

TPO1 is the prime polyamine exporter in Saccharomyces 30–32, and its deletion 107	
alters the yeast anti-oxidant response in a largely unexplained manner 29.  We analysed 108	
proteomic time-course data 29, obtained by SWATH-MS 33, to identify whether specific 109	
metabolic processes could be altered in Δtpo1 cells and contribute to their oxidant 110	
sensitivity. Consistent with oxidant-induced cell cycle arrest 29, the differentially expressed 111	
genes were enriched for genes associated with cell proliferation and cell cycle, including 112	
nucleic acid biosynthesis, as well as for antioxidant and stress response proteins 113	
(Supplementary Figure 2). Unexpectedly, we also obtained a specific signature of enzymes 114	
participating in lysine metabolism. These were found to be induced differently in Δtpo1 115	
compared to the WT strain upon H2O2 treatment. Quantitatively speaking, the changes were 116	
moderate (around 4-fold), but several enzymes of the pathway, Lys20p and Lys21p 117	
(homocitrate synthases), Aco2p (aconitase), Lys9p (saccharopine dehydrogenase) and 118	
Lys12p (homoisocitrate dehyrogenase) (see Supplementary Figure 1 for a pathway map), 119	
all showed a consistent pattern and responded faster and more pronounced in the Δtpo1 120	
mutant (Figure 1b). As we have recently shown, metabolism is typically regulated by 121	
multiple coordinated expression changes acting in concert 34, suggesting an association of 122	
polyamine and lysine metabolism upon H2O2 exposure.  123	

As the coordinated response in enzyme expression does not necessarily indicate 124	
increased activity of a pathway, but can indicate compensation or altered biological 125	
function, we continued by dissecting the nature of the association between lysine and 126	
polyamine metabolism. A potential link between the two pathways was provided by their 127	
chemistry. Decarboxylation of lysine would results in the formation of cadaverine, a close 128	
structural analogue of putrescine, the precursor for spermine and spermidine synthesis, all 129	
substrates of TPO1 (Figure 1c). In contrast to bacteria and plants, in which enzymatic lysine 130	
decarboxylation has been reported, Saccharomyces lacks a bona fide lysine decarboxylase 131	
35–38. However, work done over the last decade has highlighted that the absence of an 132	
enzyme is insufficient to prove the absence of a reaction, as promiscuous and non-133	
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enzymatic reactions significantly contribute to the metabolome 39. We established a liquid-134	
chromatography selective reaction monitoring (LC-SRM) assay, and quantified cadaverine 135	
in yeast cultures grown in the presence or absence of physiological lysine concentrations 136	
(25 µg/mL). Only trace amounts of cadaverine (0.26 ± 0.052 pmol/OD600nm) were detected 137	
in yeast grown in synthetic minimal media (SM), but in the presence of lysine, the levels 138	
increased 22 times (Figure 1d). A potential candidate for this reaction was ornithine 139	
decarboxylase (Spe1p, YKL184W). As ornithine is structurally analogous to lysine, we 140	
considered it possible that this enzyme might accept lysine as a promiscuous substrate 141	
(Figure 1a and c). Although Δspe1 cells still contained trace amounts of cadaverine (Figure 142	
1d), any increase in cadaverine levels upon lysine supplementation was eliminated by the 143	
Δspe1 deletion (Figure 1d). We subsequently performed an isotope tracer experiment, and 144	
incubated WT and Δspe1 cells with or without 13C615N2-lysine. In WT cells, 13C515N2-145	
cadaverine was formed at high levels. However, in Δspe1 cells, none of the tracer was 146	
converted into 13C515N2-cadaverine (Figure 1e), confirming that Spe1p was the enzyme 147	
responsible for lysine to cadaverine decarboxylation. The pathway level provided further 148	
confirmation that cadaverine formation occurs as part of the canonical polyamine pathway. 149	
Firstly, we detected decreased cadaverine concentrations in Δspe2 (deleted for S-150	
adenosylmethionine decarboxylase (AdoMetDC)), Δspe3 (spermidine synthase) and Δspe4 151	
(spermine synthase) knockout strains, in which the canonical pathway is feedback-152	
inhibited as a consequence of media supplementation that compensates for polyamine 153	
auxotrophy 40 (Figure 1d). Vice versa, cadaverine biosynthesis did not decrease the 154	
concentrations of spermidine and spermine, but promoted an increase in putrescine 155	
(Supplementary Figure 3). 156	

To gain insights into the mechanisms, we continued with molecular docking 157	
calculations and obtained a Spe1p (UniProt ID: P08432 41) 3D structure by homology 158	
modelling, using the crystal structure of ornithine decarboxylase from Leishmania 159	
donovani (PDB ID: 2OO042) as a template. This analysis revealed that, due to their highly 160	
similar structure, both ornithine and lysine can bind to the catalytic site of Spe1p (Figure 161	
1f). Both compounds are stabilised by hydrogen bonding between the amino group in the 162	
ligand with Asp363 and Tyr354 along with a structural water molecule. The calculations 163	
indicated that Spe1p should have a much higher affinity for ornithine than for lysine, 164	
explained by the slightly different size of the ligands. Although lysine fits in the binding 165	
site, it needs to overcome steric hindrance in order to share the catalytic site with the 166	
cofactor, pyridoxal phosphate. On the other hand, ornithine, which has one carbon less in 167	
the aliphatic chain, appears to fit well together with the cofactor in the catalytic site of 168	
Spe1p.  169	

To test these predictions, we expressed and purified Spe1p recombinantly, and 170	
analysed its catalytic properties by establishing a mass-spectrometry based in vitro 171	
enzymatic assay (Table 1). We found that Spe1p can indeed decarboxylate both ornithine 172	
and lysine and form putrescine and cadaverine, respectively (Figure 1g and 1h). 173	
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Confirming the molecular docking analysis, the affinity and the catalytic efficiency of 174	
Spe1p for ornithine is much higher than for lysine. Indeed the in vitro Km for lysine 175	
decarboxylation is only in the millimolar range (Figure 1g and 1h, Table 1). Despite this 176	
low affinity for lysine, Spe1p produced considerable amounts of cadaverine, indicating that 177	
this amino acid must have been present at an extremely high concentration.  178	
 179	
 180	
Yeast cells harvest extensive amounts of lysine 181	
 182	

Yeast cells are prototrophic for lysine. The biosynthetic capacity is however fully 183	
sufficient to promote cell growth; supplementing lysine to minimal media did not 184	
accelerate growth (Supplementary Figure 4). Under these conditions we measured an 185	
intracellular lysine concentration of 4.93 ± 1.82 nmol per OD600nm. Assuming a cell volume 186	
of 45.54 fL and a concentration of 3.2 x 107 cells/OD600nm for the strain BY4741 grown in 187	
SM 43, this would correspond to approximately 3.01 ± 1.12 mM in average intracellular 188	
concentration, a concentration range similar to what has been previously reported 43. 189	
However, in the presence of physiological amounts of lysine (25 µg/mL), we observed a 190	
remarkable 71.2 fold increase to 322.75 nmol per OD600nm, corresponding to an estimated 191	
cellular concentration of 215.2 mM (Figure 2a, Table 1). Upon deletion of TPO1, this 192	
harvesting of extracellular lysine was impaired. Lysine levels accumulated to only half the 193	
concentration measured in WT cells (42.5 times of the minimal media levels) (Figure 2a), 194	
corresponding to an estimated value of 104.2 mM, which is 30 times the normal cellular 195	
levels of lysine. Hence, wild-type cells harvest large amounts of lysine. To further gauge 196	
the specificity of lysine accumulation, we measured the intracellular concentration of all 197	
other proteinogenic amino acids. Both when each amino acid was supplemented 198	
individually or all amino acids as part of yeast extract, extensive harvesting was only 199	
observed for lysine, up to hundred-times higher as the concentration when cells self-200	
synthesize lysine (Figure 2b). Thus, in the presence of extracellular amino acids, cells 201	
specifically import lysine to reach very high intracellular concentrations of this amino acid. 202	

 203	
 204	

	  205	
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Lysine harvesting reprograms NADPH metabolism and increases oxidant resistance  206	
 207	
High product concentrations inhibit enzymatic reactions 44 and indeed, feedback 208	

inhibition of the lysine biosynthetic pathway in the presence of lysine has been reported 209	
previously 42–45. To test how effectively this feedback inhibition occurs in lysine harvesters, 210	
we measured lysine uptake rates during growth of prototrophic and auxotrophic BY4742 211	
(Δlys2) strains in SM supplemented with lysine (SM+Lys (25 µg/mL)), as well as in 212	
synthetic complete media (SC) that contains lysine among other amino acids. In both 213	
conditions, the lysine prototrophs consumed lysine at a similar rate as the auxotrophs, 214	
despite only the latter relying on the extracellular pool for growth (Figure 2c). Hence, in 215	
the presence of extracellular lysine, cells fully switched from lysine self-synthesis to lysine 216	
consumption.  217	

To picture the metabolic changes induced by this reprogramming, we used a 218	
genome-scale metabolic modelling approach and performed flux balance analysis (FBA). 219	
We expanded a manually curated metabolic network reconstruction 45 by adding the lysine 220	
decarboxylation reactions and four reactions for transporting and exchanging cadaverine 221	
and aminopropylcadaverine (APC) (Figure 3a). The naive model (optimal growth-specific) 222	
predicted that lysine harvesting would induce a system wide change in NADPH forming 223	
reactions, reflecting that, when cells harvest lysine, less NADPH is required for growth 224	
(Supplementary Figure 5). Optimized for growth, the naive model consequently predicted 225	
that cells would reduce the flux in NADPH producing pathways, of which the oxidative 226	
branch of the pentose phosphate pathway is the main source (Supplementary Figure 5). A 227	
second biological possibility was however that rather than diminishing NADPH 228	
production, cells could also channel the molecule into other metabolic processes, of which 229	
the glutaredoxin system is a major sink. We exploited phenotypic assays to test in which 230	
direction NADPH availability changes in cells that harvest lysine. Cells lacking glucose 6-231	
phosphate dehydrogenase (Δzwf1), the first enzyme in the oxidative PPP, are auxotrophic 232	
for methionine as the high demand for NADPH in methionine biosynthesis cannot be met 233	
46,47. Lysine harvesting fully complemented the methionine auxotrophy of Δzwf1 cells, 234	
indicating a higher NADPH availability in lysine harvesting cells (Figure 3b). Next, we 235	
used a fluorescent, oxidant-dependent, NADPH sensor assay to directly measure the 236	
NADPH-mediated reducing power within cells upon H2O2 exposure. The fluorescent 237	
sensor confirmed increased NADPH availability in the lysine harvesters (Figure 3c and 238	
3d).  239	

A major destination for cellular NADPH flux is the glutathione pool, that under 240	
typical conditions, is maintained in a highly reduced equilibrium. Moreover, increased 241	
NADPH levels stimulate GSH levels, by increasing the activity of the first enzyme of the 242	
biosynthesis pathway, the gamma-glutamylcysteine ligase 48.We therefore constrained the 243	
FBA model in a second iteration, optimising the glutathione oxidoreductase reaction in 244	
which NADPH is consumed in order to convert oxidised glutathione into reduced 245	
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glutathione. With this change in constraint, the model predicted that lysine harvesting 246	
would enable the cells to increase the flux through the glutathione oxidoreductase reaction 247	
7-fold, and furthermore, indicated that any excess lysine is diverted towards polyamine 248	
metabolism (Figure 3a, Supplementary Table 1 for the detailed list of reaction flux). To 249	
experimentally validate this result, we quantified the levels of reduced glutathione (GSH). 250	
Although GSH is one of the most abundant metabolites in WT cells, lysine harvesting 251	
promoted a further 7.85 fold increase in GSH concentration (Figure 3e).  252	

The glutathione pool and the action of the glutathione oxidoreductase systems are 253	
the major components of the antioxidant defence mechanism. We therefore tested whether 254	
the boost in NADPH and glutathione levels driven by lysine harvesting would affect the 255	
resistance of S. cerevisiae to oxidants. First, we applied a thiol oxidising agent, diamide, to 256	
which resistance is known to increase with higher NADPH and GSH availability 11,12,49,50. 257	
Lysine harvesting increased the resistance of the WT strain to diamide (Figure 3f). We 258	
compared this treatment to a methionine supplementation, about which we have previously 259	
shown to increase diamide resistance in a PPP-dependent manner 50. Lysine harvesting 260	
provided a higher degree of resistance compared to methionine treatment (Figure 3f). 261	
Furthermore, we tested whether lysine harvesting would also protect against diamide when 262	
NADPH availability is scarce in Δzwf1 cells. Consistent with the hypothesis that 263	
antioxidant protection provided by lysine harvesting depends on increased NADPH 264	
availability, the protective effect was mitigated in unsupplemented Δzwf1 cells (Figure 3f). 265	
In parallel, we tested the response to H2O2. We grew WT cells in minimal media with and 266	
without lysine, in the presence of increasing concentrations of H2O2, and measured the 267	
resultant cell densities. Lysine harvesting substantially increased the resistance of WT cells 268	
to H2O2 compared to SM media (Figure 3g). Moreover, lysine harvesting cells had much 269	
lower intracellular ROS levels, even when exposed to high doses of the oxidant (10 mM 270	
H2O2), as revealed by dihydrorhodamine (DHR) staining (Figure 3h).  271	

Several control experiments confirmed that the re-configuration of cellular 272	
metabolism, and not a direct antioxidant action of lysine, explain the protective effects. 273	
First, when we supplied D-lysine instead of L-lysine, which has identical redox properties 274	
but is biologically non-functional, cells became more sensitive to H2O2 (Figure 3g). 275	
Furthermore, pre-incubation of H2O2 with neither D- nor L-lysine did mitigate the cellular 276	
response to the oxidant, nor did lysine pre-incubation deplete H2O2 levels (Supplementary 277	
Figure 6). Additionally, we studied the effect of lysine on a panel of mammalian cell lines 278	
that are auxotrophic for lysine (HA1E, HeLa, A549 and BJhTERT). We confirmed that 279	
these also take up lysine (Supplementary Figure 7), but as native auxotrophs, cannot 280	
reconfigure their metabolism from lysine self-synthesis to uptake, and hence, cannot profit 281	
from re-channeling NADPH towards GSH biosynthesis. Indeed, there was no protective 282	
effect against H2O2 in any of the native auxotrophs (Supplementary Figure 8a). 283	
Complementarily, we tested whether the antioxidant effects of lysine harvesting are 284	
conserved among lysine prototrophs. Separated by billions of years of evolution, two non-285	
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laboratory yeast strains isolated from palm wine in Cameroon and from a bakery in Korea, 286	
respectively (OS473 and OS265)51 , the eukaryotes Pichia pastoris, Candida tropicalis 287	
(Supplementary Figure 8b and c), as well as the model bacterium B. subtilis 288	
(Supplementary Figure 8d), all gained resistance from lysine harvesting, demonstrating the 289	
conservation of this novel antioxidant strategy across several major clades of life. 290	
 291	
 292	
DISCUSSION 293	
 294	

We have shown that in the presence of physiological lysine concentrations, the 295	
amino acid is taken up in large quantities by cells from their environment, and that this 296	
uptake serves stress protection. In Saccharomyces, we detected intracellular lysine 297	
concentrations that are seventy to a hundred times above the concentrations measured in 298	
prototrophic cells under maximum growth rate in minimal media - the concentrations 299	
sufficient to achieve a maximum growth rate. Even assuming that part of the excessive 300	
intracellular lysine pool will be vacuolar, the activity of ornithine decarboxylase on lysine 301	
shows that cytoplasmic concentrations are also maintained in excess. Although Spe1p 302	
affinity for lysine is low (Km of > 3 mM), the enzyme forms high amounts of cadaverine. 303	
Mechanistically, a high accumulation is enabled by the transporter Lyp1p and its low 304	
affinity for intracellular lysine, leading to unidirectional transport 52, as well as the presence 305	
of the polyamine export machinery. Moreover, the harvesting strategy seems to be unique 306	
for lysine. Although the yeast cells switch effectively from self-synthesis to uptake for a 307	
panel of amino acids 53, the harvesting to extreme concentrations appears to be specific to 308	
only this amino acid (Figure 2b). Furthermore, the dependency on secondary metabolite 309	
processes (i.e. the polyamine pathway) indicated that metabolism is adapted to the 310	
harvesting of lysine. Indeed, for most metabolites cells do not tolerate an accumulation to 311	
such extreme levels; in part, as most metabolites become inhibitors to intrinsic enzymatic 312	
reactions if highly concentrated, and in part, as high metabolite concentrations stimulate 313	
unwanted promiscuous and non-enzymatic reactions 39,54.  314	

Consistently, not only lysine, but also cadaverine was well tolerated and non-toxic 315	
for cells until extreme levels were induced by the over-expression of a bacterial lysine 316	
decarboxylase in lysine rich media - but equally - we could not find any direct advantage 317	
of intracellular or extracellular cadaverine. For instance, cadaverine was not directly 318	
protective against oxidants (H2O2, diamide, paraquat, cumene hydroperoxide), salts or 319	
starvation stress (Supplementary Note 1, 2 ,Supplementary Figure 11 and Table 2). Thus, 320	
we concluded that the high lysine levels itself must be the driving force behind the 321	
protective effect. Indeed, we found that high lysine concentrations protect the cells against 322	
oxidants, and were able to elucidate the molecular mechanism. Lysine harvesting decreases 323	
the metabolic competition for NADPH. Instead of reducing the flux through NADPH 324	
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forming reactions however, cells increase NADPH availability, and channel it into other 325	
metabolic processes, maintaining a much higher pool of reduced glutathione.  326	

 In summary, we have shown that in the presence of physiological nutrient 327	
concentrations, yeast cells specifically harvest large amounts of lysine. This harvest has at 328	
least two consequences (Figure 4). First, a promiscuous reaction of ornithine decarboxylase 329	
reaches relevant rates and forms an underground polyamine metabolite, cadaverine. The 330	
functionality of this alternative polyamine pathway is required for the cells to accumulate 331	
lysine to the extreme concentrations, and to maintain wild-type expression levels of the 332	
lysine biosynthetic enzymes. Second, the lysine harvest results in a metabolic re-333	
configuration that enables cells to conserve more NADPH and maintain a much larger 334	
glutathione pool, to increase stress tolerance. Lysine harvesting hence adds to the series of 335	
mechanisms discovered over the last decade that involve supplementation of NADPH to 336	
prevent an imbalance in the redox state 11–13,15,55,56. However, to our knowledge, none of 337	
the known mechanisms act quantitatively to induce an ~8-fold increase in the total 338	
glutathione pool prior to oxidant exposure. Hence, lysine harvesting may be one of the 339	
most powerful preventative and conditional metabolic antioxidant strategies available to 340	
microbial cells. Thus, microbial cells sense and take up metabolites from their environment 341	
not only to save energy and carbon equivalents for cell growth, but also to gain stress 342	
resistance and to increase robustness. 343	
 344	
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Supplementary Note 1: Cadaverine formation is not toxic to yeast cells 357	
 358	

We chose to increase cadaverine concentrations intracellularly by making use of 359	
metabolic engineering. We cloned a bacterial (E. coli) lysine decarboxylase (ldcC) and 360	
expressed it in the WT strain, BY4741. In SM, the expression of ldcC increased cadaverine 361	
concentrations 93.9 times (Supplementary Figure 9a). The expression of ldcC also affected 362	
the concentration of aminopropylcadaverine (APC), the cadaverine derived spermidine 363	
analogue, 5.5 times (Supplementary Figure 9b). In typical growth media, the modification 364	
and the increased intracellular concentration of the alternative polyamines had no effect on 365	
yeast growth (Supplementary Figure 9c). However, in lysine-rich media (250 µg/mL), the 366	
strain expressing ldcC exhibited a moderate growth defect (Supplementary Figure 9c). In 367	
this condition, cadaverine was elevated 192 times and APC 18.6 times above WT levels 368	
(Supplementary Figure 9a and 9b), concentrations that are unlikely to be reached under any 369	
physiological conditions in yeast. These results indicate that cadaverine and APC are well 370	
tolerated at the levels detected in cells and become only inhibitory to growth at extreme 371	
and non physiological concentrations.  372	

 373	
Supplementary Note 2: Cadaverine can partially substitute for canonical polyamines, 374	
but only at non physiological high concentrations and certain pH 375	
 376	

The putrescine-spermidine-spermine pathway is essential for yeast. The essentiality 377	
of Spe1p, Spe2p, Spe3p and Spe4p enzymes in SM can be rescued by adding their missing 378	
products (i.e. putrescine supplementation rescues a SPE1 deletion, spermidine 379	
supplementation a SPE1 and SPE2 deletion, and so on 38,57,58). To test whether cadaverine 380	
or aminopropylcadaverine (APC) complement the function of the canonical polyamines, 381	
we depleted the Δspe1 strain of external spermidine. Upon passaging in minimal 382	
polyamine-free media, the strain lost viability. Cadaverine could only rescue growth at very 383	
high and non physiological conditions (250 mM) (Supplementary Figure 10a). However, 384	
when Δspe1 strain was grown in the presence of 0.1 mM spermidine and 250 mM 385	
cadaverine, the growth rate of this strain improved compared to the one grown just in the 386	
presence of spermidine (Supplementary Figure 10b).  387	

Eventually, we took advantage of the bacterial lysine decarboxylase LdcC to 388	
generate a strain that is incapable of producing the canonical polyamines putrescine, 389	
spermidine and spermidine but can form cadaverine and APC. This was achieved by 390	
deleting the ornithine decarboxylase SPE1 and expressing LdcC (Δspe1 LdcC+), in the 391	
presence of external spermidine, to prevent lethality. We inoculated the strain in minimal 392	
medium supplemented with lysine, to boost cadaverine production to high levels. The 393	
supplementation of lysine rescued Δspe1 LdcC+ strain, but fast growth rates were only 394	
obtained under acidic conditions, either in unbuffered synthetic minimal medium at a pH 395	
5.0 or at 150 mM citrate/phosphate buffered minimal medium, also at pH 5.0. At neutral 396	
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or alkaline pH, complementation was minimal (Supplementary Figure 10c). One can derive 397	
two conclusions from these experiments. First, our experiments strongly suggest that the 398	
alternative polyamine pathway is not functioning as a substitute for the canonical 399	
polyamine pathway. The concentrations we had to generate, to achieve a complementation 400	
under some of the conditions are not seen in Saccharomyces in vivo. However, at the same 401	
time, the alternative polyamines have chemical properties that are not fundamentally 402	
different to that of the canonical polyamines either, because under specific conditions a 403	
partial complementation was achieved. As the alternative polyamine pathway does not 404	
work as a substitution for polyamine function, we were wondering if it has other properties 405	
important for the H2O2 response of cells. First, we tested whether cadaverine 406	
supplementation could simply have a direct protective effect for H2O2 treated cells or in 407	
other stress situations. We could not find a condition in which the external presence of 408	
cadaverine, or the expression of lysine decarboxylase, would have significantly altered 409	
survival in several stress-tolerance experiments (Supplementary Figure 11; Supplementary 410	
Table 2). Certainly, one can never test for all possible conditions, but as we could not find 411	
any protective effect in dozens of different stress tests conducted over several months, this 412	
is compelling evidence to indicate that it is not cadaverine that provides the antioxidant 413	
protection.  414	

 415	
 416	

 417	
 418	
 419	

	  420	



	

13	

Materials and Methods  421	
 422	
Yeast cultivation 423	
Haploid wild-type (WT), Δlys2, Δlys9, Δlys12, Δspe1, Δspe2, Δspe3, Δspe4 strains of the 424	
S288c background (BY4741 and BY4742 derivatives 59) transformed with the plasmid 425	
pHLUM (to repair auxotrophic markers 60) were grown in synthetic minimal media (SM; 426	
6.8 g/L yeast nitrogen base (Sigma-Aldrich)), supplemented with 2% glucose as carbon 427	
source. In Δzwf1 and Δtpo1 strains of the MATa yeast knockout collection we detected 428	
secondary mutations, and recreated the strains 50,61,62. The Δspe1-Δspe4 strains are 429	
auxotrophic for spermidine and thus cells were grown in the presence of 25 µg/mL lysine 430	
and 0.1 mM spermidine, respectively. WT and Δtpo1 cells were grown in SM with or 431	
without lysine or spermidine, as indicated. Δzwf1 was grown in SM supplemented with 40 432	
µg/mL methionine or 100 µg/mL lysine. The MATɑ WT strain of the S288c background 433	
BY4742 transformed with the plasmids pHLU or pHLUK, to repair auxotrophic markers 434	
60, were grown in SM or synthetic complete media (SC; 0.56 g/L complete supplement 435	
mixture (MP Biomedicals) and 6.8 g/L yeast nitrogen base (Sigma-Aldrich)) supplemented 436	
with 2% glucose, with or without lysine. 437	
 438	
Saccharomyces cerevisiae WT and Δzwf1 growth curves 439	
WT and Δzwf1 cells were transferred from cryostock to solid SM media supplemented with 440	
40 µg/mL methionine or 100 µg/mL lysine. Then 2 mL pre-cultures were grown in SM, 441	
SM + Met (colonies from SM + Met solid media) and SM + lysine (colonies from SM + 442	
lysine solid media), overnight at 30°C. The cultures were diluted to OD600nm = 0.2 and 443	
incubated at 30°C. The growth was monitored in a multimode detector (Tecan Infinite 200 444	
Pro) and OD600nm was recorded until the cultures reached stationary phase. Data was 445	
analysed with the “grofit” R package 63 and illustrated using Origin Pro 9.0. 446	
 447	
 448	
Hydrogen peroxide stress assays 449	
Single WT colonies were picked and resuspended in 70 µL of SM. 20 µL of cell suspension 450	
was then transferred into the 3 conditions (SM, SM + L-Lys, SM + D-Lys, (L/D-Lys at 25 451	
µg/mL)) and cultured overnight in a 3 ml culture volume at 30 oC with shaking. The 452	
following day, this pre-culture was diluted to OD600nm = 0.1 and 25 µL was used to 453	
inoculate 450 µL of respective media in a deep-well plate (450 µL media, 25 µL preculture, 454	
25 µL H2O2) for a final OD600nm of 0.005 and incubated for 16 h with H2O2 (0, 0.125, 0.25 455	
and 0.5 mM). Resultant OD600nm was measured to assess the tolerance of the cells to oxidant 456	
stress. For NADPH sensor experiments, wild-type auxotrophic yeast strains (BY4741 and 457	
BY4742) were transformed with a centromeric plasmid that permits constitutive expression 458	
of mKate2 in conjunction with Yap1p-ox dependent eGFP 64 selectable with URA3 alone 459	
or in conjunction with the set of centromeric plasmids (pH, pL, pM or pK) that permits full 460	



	

14	

restoration of prototrophy. Following selection on SM + HLM/K or SM plates respectively, 461	
a single colony was picked and used to inoculate pre-cultures under the 3 conditions as 462	
above. Following exposure to H2O2, 200 µL of each culture was transferred to a 96-well 463	
plate and taken for high-throughput flow cytometry (BD Fortessa X20B/HTS). Median 464	
fluorescence intensity (MFI) was then obtained for both mKate2 and eGFP. mKate MFI 465	
values was then used to normalise eGFP values. Each condition was set up and analysed in 466	
quadruplicate.  467	
 468	
Nutrient uptake rates  469	
Nutrient uptake rates were determined as described previously 62. Saccharomyces 470	
cerevisiae (BY4742) was transformed with the pHLU and pHLUK to compensate for 471	
auxotrophies including or excluding lysine 60, and were streaked on SM agar media with 472	
or without lysine supplementation, respectively. Then pre-cultures inoculated in SM or SM 473	
+ Lys were grown overnight at 30ºC. The main cultures were initiated with an OD600nm = 474	
0.125 in 850 µL of SC or SM + Lys media in 96-well deep plates and incubated for 30h at 475	
950 rpm and 30ºC with a 4 mm stirring bead per well. Then, 20 µL of cells were sampled 476	
every 3h and diluted 1:10 in water for OD600nm measurement. Then, the cells were harvested 477	
at 3000 xg for 5 min and the supernatant was diluted 1:2 in absolute ethanol. 1 µL of the 478	
supernatant was used for quantification of extracellular lysine by LC/MS-MS.  479	
 480	
Intracellular concentration of lysine in minimal media with or without lysine 481	
supplementation 482	
Yeast cells were pre-cultured overnight in 50 mL of SM media with or without lysine (25 483	
µg/mL) supplementation, and main cultures were initiated by diluting to an OD600nm = 0.2-484	
0.3 in 100 mL of SM media with or without lysine (25 µg/mL) supplementation. Cultures 485	
were grown until mid-log phase (OD600nm approx 1.0) and samples for amino acid profile 486	
(1 ODU600nm) were collected, washed with water and the pellet was frozen in dry ice. The 487	
samples were stored at -80°C. 488	
 489	
Intracellular concentration of amino acids in yeast grown in different supplemented 490	
media  491	
Strain BY4741 with auxotrophic loci repaired (HLUM knock-in) was woken up on YPD 492	
agar medium. Four colonies were picked and grown in 10 mL overnight SM pre-cultures. 493	
In a 96 deep-well plate, 1.4 mL cultures with a starting OD600nm of 0.2, unsupplemented or 494	
supplemented with individual proteinogenic amino acids (except cysteine which inhibits 495	
growth and tyrosine which is hardly soluble) at a concentration of 0.334 mM or yeast 496	
extract (2%), were grown at 30°C for 6h with shaking. Samples were collected and 497	
processed as described in 43 with the exception that pellets were washed in 0.9 mL SM 498	
before lysis. Samples were analysed using multiple reaction monitoring on an Agilent 1290 499	
liquid chromatography system coupled to an Agilent 6470 triple quadrupole mass 500	
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spectrometer using the acquisition and quantification by external calibration as described 501	
in 43. 502	
 503	
ROS quantification by dihydrorhodamine staining 504	
WT cells were grown in SM medium until mid-log phase. Then, cells were incubated with 505	
H2O2 (10 mM) for 1h. Subsequently, cells were harvested, washed 3 times in SM, and 506	
incubated for 90 minutes in the dark at 30ºC with 15 µM of dihydrorhodamine 123 (DHR 507	
123). Cells were washed once with media and stained for 5 minutes with propidium iodide 508	
(500 µg/mL) to exclude dead cells, and subsequently washed 3 times with PBS. Cells were 509	
analysed by flow cytometry (BD LSRFortessa X20B/HTS) and quantification was done 510	
using FlowJo v9.6.2. 511	
 512	
Identification of the candidate enzymes catalysing the biosynthesis of cadaverine 513	
WT, Δspe1, Δspe2, Δspe3 and Δspe4 yeast were grown overnight in 10 mL of SM media 514	
with or without 0.1 mM spermidine, respectively, in the presence and absence of 25 µg/mL 515	
of lysine. Then, 10 ODU600nm were collected and cadaverine was quantified by LC/MS-516	
MS as outlined below (dansylation method). For the carbon tracing experiment, WT and 517	
Δspe1 were grown overnight in 100 mL of SM media with 0.1 mM spermidine. Then, 518	
[13C615N2]-L-lysine was added to a final concentration of 0.12 mM and samples (10 519	
ODU600nm) were collected after 0 and 60 min. [13C615N2]-cadaverine was quantified by 520	
LC/MS-MS as outlined below (dansylation method). 521	
 522	
Gene amplification and cloning 523	

 524	
Genomic DNA from Saccharomyces cerevisiae was isolated, and the SPE1 coding 525	
sequence was amplified by PCR using primers 526	
CGTACCATGGATGTCTAGTACTCAAGTAGG (sense) and 527	
CATCCTCGAGATCGAGTTCAGAGTCTATG (antisense) introducing a NcoI and XhoI 528	
restriction site, respectively. The PCR product was cloned into the pGEM-T Easy vector 529	
(Promega) and E. coli DH5𝛼 were transformed with the plasmid. Plasmids were verified 530	
by sequencing. Then, the SPE1 coding sequence was subcloned into the NcoI and XhoI 531	
sites of the pET20 plasmid (Novagen) in order to express a His-tagged protein.  532	
  533	
Recombinant protein expression and purification 534	
Escherichia coli BL21 was transformed with the plasmid for expression of S. cerevisiae 535	
6xHIS-Spe1p. A 5 mL pre-culture was grown in Luria Bertani medium with 100 µg/mL 536	
ampicillin overnight at 37 °C. The next day, 10 mL of medium were inoculated with the 537	
overnight culture, cells grown until an OD600nm= 0.6, and protein expression was induced 538	
with 1 mM isopropyl-b-D-thiogalactoside upon which the cells were grown for 4 h at 20°C. 539	
The cells were harvested and frozen at -80 °C. Then the frozen pellet was resuspended in 540	
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200 mL of lysis buffer (Tris-Cl 50 mM pH 7.4, NaCl 300 mM, 10 mM imidazole, 1 mM 541	
DTT, 1 tablet of EDTA-free protease inhibitors). The cells were lysed in a cell disruptor 542	
CF Range by passing the cell suspension three times at 30000 psi. The lysate was then ultra 543	
centrifuged at 185,511 x g at 4°C for 30 min. Spe1p was purified by IMAC on a HisTrap 544	
(Nickel) column (5 mL; GE Healthcare). The fractions with the peak of the protein of 545	
interest were combined and concentrated by centrifugation (2939 xg, 5 °C) through an 546	
Amicon Ultra-15 (molecular cut off 30 kDa, Millipore). The concentrated protein (500 µL) 547	
was injected to a Superdex S200 gel filtration column (10 x 300 mm; GE Healthcare) 548	
equilibrated with a buffer containing Tris-Cl 50 mM pH 7.4, NaCl 300 mM, 1 mM DTT 549	
and EDTA-free protease inhibitor tablets (1 tablet per 100 mL). The fractions with the 550	
purest Spe1p were identified by SDS-PAGE, combined and concentrated as mentioned 551	
above. 10% glycerol was added for preservation and the protein was stored at -80°C. 552	
 553	
Kinetic characterisation of Spe1p 554	
The activity of the recombinant Spe1p was determined by measuring the production of 555	
cadaverine or putrescine by LC/MS-MS. For measuring enzyme activities, the 0.25 mL 556	
standard reaction contained a mix of 40 mM HEPES pH 7.5, 8 mM ornithine, 0.1 mM 557	
EDTA, 1 mM DTT, 0.1 mM pyridoxal phosphate (PLP) and 0.1 mg/mL enzyme. The 558	
standard reaction for lysine decarboxylase activity was similar except for the addition of 559	
20 mM lysine instead of ornithine. The Km for each substrate was determined by varying 560	
the concentrations of ornithine from 0-8 mM; or lysine from 0-20 mM. All kinetic 561	
parameters were recorded at 30°C. For determining enzyme activities, 30 µL of the reaction 562	
were sampled every minute and 120 µL of cold methanol was added to quench the reaction. 563	
Samples were kept on dry ice for 20 min and then centrifuged at high speed for 10 min. 564	
Supernatants were collected and putrescine and cadaverine were quantified by LC-MS/MS 565	
as outlined below. 566	
 567	
Docking  568	
The 3D structure of ornithine decarboxylase from Saccharomyces cerevisiae (Spe1p; 569	
UniProt ID: P08432 41) was obtained by homology modelling. The homology model was 570	
generated using Prime from Schrodinger suite (version 2015-3) and the structure of 571	
Leishmania donovani ornithine decarboxylases (PDB ID: 2OO0 42) as template. The 572	
cofactor (Vitamin B6 phosphate) and structural waters in the binding site were kept in the 573	
next steps. Ligand and protein structures were prepared using LigPrep and the Protein 574	
Preparation Wizard, respectively. Docking calculation was performed with Glide form 575	
Schrodinger Suite (version 2015-3) using GlideXP settings and the GlideScore version 576	
XP5.0 scoring function. Grid size used for calculation was 20 × 20 × 20 Å. The 577	
conformation with the best score was reported. 578	
 579	
 580	
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Modelling lysine uptake 581	
In order to investigate the metabolic changes required to adapt for an excess of lysine in 582	
the media, a revised version of the Saccharomyces cerevisiae genome-scale metabolic 583	
model (iMM904_NADcorrected 45) was used. In total 6 additional reactions related to 584	
cadaverine biosynthesis were added: two metabolic reactions for ornithine decarboxylase 585	
(h + lys_L --> co2 + cadaverine) and spermine synthase (S-adenosyl 3-586	
(methylthio)propylamine + cadaverine --> S-methyl-5'-thioadenosine + 587	
aminopropylcadaverine), and four reactions were for transporting and exchanging 588	
cadaverine and aminopropylcadaverine to and from the cell. In silico SM constraints were 589	
used according to the original model (iMM904 65). For excess lysine uptake condition, in 590	
addition to the minimal media setting, the constraint of L-lysine exchange reaction 591	
(EX_lys_L(e)) was fixed to an arbitrarily large value 1, which is far more than the rate 592	
required for growth. The model simulations, using the flux balance analysis (FBA) 593	
approach, were performed in two steps. First, the maximum growth was predicted in the 594	
minimal media condition (we call it a naive model; Supplementary Figure 5). Then, the 595	
predicted growth rate was fixed and the rate of glutathione oxidoreductase reaction was 596	
maximised in both the minimal and lysine supplemented media conditions. COBRA 597	
toolbox 66 was used for all the model simulation. 598	
 599	
Diamide resistance test 600	
Cells were grown overnight in liquid minimal media with lysine (25 µg/mL) or methionine 601	
(40 µg/mL). The following day, the cultures were diluted to an OD600nm = 1 in water, serial 602	
diluted (1:10) and spotted onto SM media containing either lysine (25 µg/mL) or 603	
methionine (40 µg/mL) and different concentrations of diamide (0-1.5 mM). Plates were 604	
incubated for 2-3 days. 605	
 606	
Metabolite quantification 607	
a. Amino acids 608	
The amino acid extraction, separation and detection protocols were adapted from 43. 100 609	
µL 80% ethanol at 80°C was added to the frozen yeast pellet (1 ODU600nm) from a mid-log 610	
phase culture, and the sample was incubated at 80°C for 2 min. Then, the sample was 611	
vortexed. The last two steps were repeated twice. The samples were centrifuged at 12000 612	
xg for 5 min. The supernatants were collected and 1 µL was injected onto an analytical 613	
column (Waters ACQUITY UPLC BEH amide 1.7mm 2.1x100 mm) at 25°C. Buffer A 614	
consisted of 50:50 acetonitrile/water, 10 mM ammonium formate, 0.176% formic acid and 615	
buffer B was composed of 95:5:5 acetonitrile/methanol/water, 10 mM ammonium formate 616	
and 0.176% formic acid. The separation was performed at 0.9 mL/min isocratic flow with 617	
a gradient formed of the following steps: 0.7 min 85% Buffer B followed by a 1.85 min 618	
ramping to 5% B and keeping constant for 0.05 min before returning to the equilibrating 619	
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conditions of 85% B. The total running time was of 3.25 min. The quantification was 620	
carried out using a triple quadrupole mass spectrometer (Agilent 6460). 621	
 622	
b. Quantification of polyamines  623	
 624	
i) Dansylation derivatization method 625	
Polyamines were quantified upon a derivatization with dansyl chloride (dansylation), 626	
following a protocol adapted from 67. 200 mg of glass beads were added to the frozen cell 627	
pellets and were resuspended in 500 µL of 0.2 M HClO4. Then, the cells were lysed in a 628	
homogenizer (FastPrep-24 5G MP Biomedicals) using 2 cycles of 20 seconds, 6.5 m/s at 629	
4°C. The cell debris was removed by centrifugation at 12000 x g for 10 minutes at 4 °C 630	
and 100 µL were neutralised with 3 M sodium carbonate (10 µL). Then, 200 µL of 1,3-631	
diaminopropane was added as an internal standard. The polyamines were dansylated by 632	
adding 400 µL of dansyl chloride in acetone (27 mM) to 100 µL of the sample and 633	
incubated at 60°C for 20 min in the dark. Then, 120 µL of a 0.8 M proline solution was 634	
added to the sample, vortexed and incubated at 25°C for 30 min in the dark. Then, an 635	
extraction with 500 µL of toluene was performed. The organic phase was taken and the 636	
solvent was removed under N2 stream. Then, pellets were resuspended in 100 µL 637	
acetonitrile. 1 µL of the polyamines sample was separated using chromatography (Zorbax 638	
Eclipse Plus C18, RRHD, 2.1 x 50 mm, 1.8 µm) at 20°C. Buffer A consisted of 0.1% formic 639	
acid in water, and Buffer B was acetonitrile. The separation gradient consisted of an 640	
isocratic flow (0.5 mL/min) for 0.4 min of 60% B, followed by a ramp of 3.1 min to 100% 641	
B, then washing 0.3 min with 100% B then going back to starting conditions (60% B) in 642	
0.01 min and 1.19 min for re-equilibration, resulting in a 5 min cycle time. The 643	
quantification was carried out using a Triple Quadrupole mass spectrometer (Agilent 644	
6460). 645	
 646	
 647	
ii) Non-derivatised method (for enzyme assays) 648	
1 µL of the supernatant obtained from the kinetic assay was injected onto an analytical 649	
column (ACQUITY UPLC BEH amide 1.7 mm 2.1 x 100 mm), and putrescine and 650	
cadaverine were separated by HPLC. Buffer A consisted of 2:98 acetonitrile:water, 0.176% 651	
formic acid and Buffer B was composed of 95:5 acetonitrile:water, 0.176% formic acid. 652	
The separation gradient consisted of a 0.5 mL/min isocratic flow with the following steps: 653	
0.25 min 100% Buffer B followed by a 0.25 min ramping to 72% B and keeping constant 654	
for 0.5 min. Then, a 1.5 min ramp to 30% B was done and kept constant for 0.5 min. A 655	
third 0.15 min ramp was done to 20% B and kept constant for 0.45 min before returning to 656	
the equilibrating conditions (100% B). The total running time was 5 min. The 657	
quantification was carried out using a Triple Quadrupole mass spectrometer (Agilent 658	
6460). 659	
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  660	
c. GSH quantification 661	
For GSH determination 5 ODU600nm of mid-log phase WT cell cultures were harvested and 662	
quenched in one volume of 4 mM N-ethylmaleimide (NEM) in methanol previously cooled 663	
in dry ice 68. The pellet was resuspended in 200 µL of a buffer composed by 75:25 (v/v) 664	
acetonitrile:methanol, 0.2% formic acid and lysed in a homogenizer (FastPrep-24 5G MP 665	
Biomedicals) using three cycles for 20 s at 6.5 m/s. Then, the sample was centrifuged for 666	
5 min at 16000 x g. The pellet was extracted again with 200 µL of UHPLC water and both 667	
supernatants were combined and evaporated in a concentrator plus speedvac (Eppendorf), 668	
resuspended in 100 µL of 7% acetonitrile and centrifuged. 1 µL of the sample was injected 669	
onto a C8 column (ZORBAX SB-C8 Rapid Resolution HD, 2.1 x 100 mm, 1.8 µm 670	
(Agilent)) at 20°C. Buffer A was composed of 10% acetonitrile and Buffer B of 50% 671	
acetonitrile (v/v). Both buffers contained 750 mg/L octylammonium acetate as ion pairing 672	
reagent. The gradient consisted of 3.5 min of isocratic flow at 12% acetonitrile, followed 673	
by a 2.5 min gradient to 38% acetonitrile and a 0.5 min washing step to 42% acetonitrile 674	
and 1 min of re-equilibration to starting conditions with a total cycle time of 7.5 min. The 675	
quantification was carried out using a Triple Quadrupole mass spectrometer (Agilent 676	
6470). 677	
 678	
Proteomics data analysis 679	
SWATH-MS data was previously reported 29, and is available via ProteomeXchange with 680	
identifier PXD013373. Raw data was analysed using Spectronaut Pulsar X software 681	
(Biognosys) with a previously reported spectral library (ProteomeXchange ID 682	
PXD013373). Protein quantities were calculated from all precursor intensities, and protein 683	
inference was performed using a protein database obtained from SGD (2018-08-28). Gene 684	
Ontology (GO) enrichment was performed in Spectronaut software using a gene annotation 685	
file obtained from SGD (2019-01-01). Data was analysed in R, with function “prcomp” for 686	
principal component analysis.  687	
 688	
Statistical Analysis 689	
The metabolite concentration data, the results from the growth curves analysis and the 690	
kinetic parameters are expressed as mean ± sd. The statistical significance was obtained 691	
using two sample Student’s t test.  692	
 693	
 694	
 695	
 696	
 697	
 698	
 699	
 700	
 701	
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Table 1. Kinetic parameters of ornithine decarboxylase Spe1p 702	
 703	
Substrate Km (mM) Vm/Km 

(mL*min-1*mg-1) 
Concentration 
(mM)  
 SM 

Concentration 
(mM)  
 SM+lysine 

Ornithine 0.0318 ± 0.006 88.9 2.04 ± 0.18 
 (WT) 
1.6 ± 0.25 
(𝛥tpo1) 

2.2 ± 0.12 
(WT) 
2.2 ± 0.095 
(𝛥tpo1)  

Lysine 3.178 ± 1.5 0.095 3.02 ± 1.12 
(WT) 
2.45 ± 0.23  
(𝛥tpo1) 

215.2 ± 100.5 
(WT) 
104.2 ± 29.8 
(𝛥tpo1)  

 704	
 705	
 706	
 707	
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 710	
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 713	
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 720	
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 727	
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 731	
 732	
 733	
 734	
 735	
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 737	
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 739	
Figure 1. A promiscuous reaction of Spe1p forms cadaverine from lysine in yeast  740	
a. Schematic illustration of the canonical yeast polyamine biosynthesis pathway. Ornithine 741	
is decarboxylated to putrescine by Spe1p (ODC). Putrescine is then substrate of Spermidine 742	
Synthase (SpdS/Spe3p) that adds a methyl group to the diamine from the decarboxylated 743	
S-adenosylmethionine (dcAdoMet) forming spermidine and methylthioadenosine (MTA). 744	
Then spermine synthase (SpmS/Spe4p) adds a methyl group from dcAdoMet to spermidine 745	
forming spermine and methylthioadenosine (MTA). b. Several enzymes within the lysine 746	
biosynthetic pathway via aminoadipate are differentially expressed upon a H2O2 treatment, 747	
when the polyamine exporter TPO1 is deleted. As described in 29, the cells were incubated 748	
210 minutes with 1.5 mM H2O2 and analysed by SWATH-MS. The raw data 749	
(ProteomeXchange PXD013373) were re-processed with Spectronaut Pulsar X 750	
(Biognosys), and protein expression levels expressed as log2-fold change compared to 751	
untreated.  c. Decarboxylation of lysine leads to the formation of cadaverine, a putrescine 752	
analogue. d. Cadaverine concentrations in overnight cultures of WT yeast and different 753	
knockouts of the polyamine biosynthesis pathway (𝛥spe1-𝛥spe4), in SM media 754	
supplemented or not with lysine (25 𝜇g/mL). Bar charts represent the (mean ± sd, n = 3 or 755	
4). Two sample Student’s t test versus non supplemented condition: *p ≤ 0.05, **p ≤ 0.01, 756	
***p ≤ 0.001. e. Chromatograms showing the 13C515N2 cadaverine formed after a 1 h 757	
incubation of WT and Δspe1 strains from isotope labelled lysine (13C615N2 lysine). f. 758	
Results of docking lysine (red) and ornithine (green) to the same site of Spe1p using Glide 759	
from Schrodinger suite (version 2015-3) and an homology model based on the structure of 760	
Leishmania donovani ornithine decarboxylases (PDB ID: 2OO0 42). (g, h). In vitro activity 761	
of purified Spe1p on metabolizing ornithine (g) and lysine (h), respectively (mean ± sd, n 762	
= 3). The saturation curves were fitted to a Michaelis-Menten equation.  763	
 764	
 765	
 766	
 767	
 768	
 769	
 770	
 771	
 772	
 773	
 774	
 775	
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 785	
 786	
 787	
 788	

 789	
 790	
Figure 2. Lysine harvest in Saccharomyces cerevisiae. a. Lysine concentrations in WT 791	
and 𝛥tpo1 yeast grown in SM media supplemented or not with 25 𝜇g/mL lysine. The cells 792	
were grown until mid-log phase and samples (1 OD600nm unit) were taken for amino acid 793	
determination by LC-MS/MS (mean ± sd, n = 3). Two sample Student’s t test versus non 794	
supplemented condition: **p ≤ 0.01. b. Harvesting to reach extreme concentrations is 795	
specific for lysine. Strain BY4741 with repaired auxotrophic loci (“HLUM knock-in”) was 796	
grown in SM media supplemented with individual amino acids or rich media (yeast extract) 797	
in quadruplicates. Cells were washed, intracellular amino acid profiles were measured and 798	
plotted above as fold-change (mean ± sd, n = 4) compared to the average profile of 7 799	
replicates in unsupplemented SM media. c. Quantification of extracellular lysine of 800	
prototrophic and auxotrophic (Δlys2) yeast grown in SC or SM media supplemented with 801	
lysine (SM+Lys).  Cultures were initiated with an OD600nm of 0.125 and let them grow for 802	
30 h. Samples were taken every 3 h, harvested and the supernatant was used for 803	
quantification by LC/MS-MS. The data represent the mean ± sd, n = 4.  804	
 805	
 806	
 807	
 808	
 809	
 810	
 811	
 812	
 813	
 814	
 815	
 816	
 817	
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 818	
Figure 3. Lysine harvesting increases yeast antioxidant tolerances by replenishing 819	
NADPH and substantially increasing glutathione levels. a. Reprogramming of lysine 820	
metabolism replenishes the NADPH and GSH pool. Flux balance analysis of cells 821	
harvesting lysine in which growth rate was fixed and the rate of glutathione oxidoreductase 822	
reaction was maximised in both the minimal and lysine supplemented media conditions. b. 823	
Lysine harvesting complements the methionine auxotrophy of  Δzwf1 yeast, that is caused 824	
by NADPH shortage. Growth curve showing Δzwf1 yeast grown in SM media 825	
supplemented or not with lysine (100𝜇g/mL) or methionine (40𝜇g/mL) (mean ± sd, n = 4). 826	
c, d.  NADPH/NADP+ redox state estimated via a fluorescence biosensor assay in WT 827	
strains BY4741 and BY4742 (64), based on the principle that low NADPH levels induce 828	
GFP that is under the control of the TRX2 (cytoplasmic thioredoxin) promoter. GFP 829	
fluorescence signal was normalised to the fluorescence of constitutively expressed mKate2. 830	
(c) Strains transformed and fully complemented with pHLM+pU-sensor plasmids. (d) 831	
Strains supplemented with HLM amino acids and transformed with pU-sensor plasmid 832	
alone. The data represent the mean ± sd, n = 4. e. The pool of reduced glutathione (GSH)  833	
(measured as conjugate with N-ethylmaleimide) in WT yeast grown in SM media 834	
supplemented or not with lysine (50 𝜇g/mL) data represents mean ± sd (n = 3). Two sample 835	
Student’s t test versus non supplemented condition: *p ≤ 0.05. f. Spot test showing the 836	
resistance of WT and Δzwf1 strain to diamide when grown in SM media supplemented with 837	
methionine (40 µg/mL) or lysine (25 µg/mL). Overnight cultures grown in SM media 838	
supplemented with lysine (25 µg/mL) or methionine (40 µg/mL) were diluted to an OD600nm 839	
= 1 in water, serial diluted and spotted onto SM media containing either lysine or 840	
methionine and different concentrations of diamide (0-1.5 mM). g. L-lysine harvesting 841	
increases the H2O2 tolerance, but D-lysine has adverse effects. Cells were pre-cultured 842	
without lysine or in the presence of L-Lysine and D-Lysine and exposed to H2O2. Stress 843	



	

25	

tolerance was assessed by cell density measurement at OD600nm. The data represent the 844	
mean ± sd, n = 4. h. ROS quantification by means of a dihydrorhodamine stain of WT cells 845	
incubated with 10 mM H2O2 for 1 h supplemented or not with lysine (50 𝜇g/mL) (mean ± 846	
sd, n = 3).  847	
 848	
 849	
 850	
 851	
 852	

 853	
 854	
Figure 4. Schematic of proposed model by which lysine harvesting improves oxidant 855	
tolerance by reprogramming NADPH metabolism.  856	
 857	
	  858	
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