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Abstract 18 

In contrast to mammalian cells, bacteria such as E. coli have been shown to display 19 

tolerance towards the neurotoxin β-methylamino-L-alanine (BMAA) suggesting that 20 

these prokaryotes possess a way to metabolise BMAA or its products, resulting in their 21 

export, degradation, or detoxification. Single gene deletion mutants of E. coli K-12 with 22 

inactivated amino acid biosynthesis pathways were treated with 500 µg/ml BMAA 23 

and the resulting growth was monitored. Wild type E. coli and most of the gene 24 

deletion mutants displayed unaltered growth in the presence of BMAA over 12 hours. 25 

Conversely, deletion of genes in the cysteine biosynthesis pathway, cysE, cysK or cysM 26 

resulted in a BMAA dose-dependent growth delay in minimal medium. Through 27 

further studies of the DcysE strain, we observed increased susceptibility to oxidative 28 

stress from H2O2 in minimal medium, and disruptions in glutathione levels and 29 

oxidation state. The cysteine biosynthesis pathway is therefore linked to the tolerance 30 

of BMAA and oxidative stress in E. coli, which potentially represents a mechanism of 31 

BMAA detoxification.  32 

 33 
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1. Introduction 37 

The non-protein amino acid (NPAA), β-methylamino-L-alanine (BMAA) has been 38 

implicated as an environmental neurotoxin. Exposure has been associated with 39 

development of neurodegenerative disease such as amyotrophic lateral sclerosis 40 

(ALS) [1, 2]. Mechanisms behind the toxic effects of BMAA that could contribute to 41 

neuronal damage include oxidative stress [3], excitotoxicity [4, 5], and proteotoxic 42 

stress [6]. The toxicity of BMAA has been observed across various models including 43 

mammalian cell lines [5, 7], rodents [8, 9], and primate models [1, 2]. 44 

BMAA is known to be produced by cyanobacteria; ubiquitous photosynthetic 45 

microorganisms that inhabit a diverse range of aquatic and terrestrial environments 46 

[10, 11]. This presents a growing public health concern, as the global problem of 47 

increased cyanobacterial blooms brings with it the risk of increased levels of 48 

cyanotoxin production, including BMAA [12]. So far, researchers have been unable to 49 

identify a common taxonomic group or geographical characteristic shared by BMAA-50 

producing species of cyanobacteria [13]. The conditions which promote cyanobacterial 51 

production of BMAA have seen more research in recent years, though the mechanism 52 

of production is unidentified [14]. Other aquatic organisms such as diatoms also 53 

appear to be capable of BMAA production [15, 16]. However, it is still unknown how 54 

BMAA is produced and how it is metabolized by different species. Due to the many 55 

potential routes of exposure and its putative links to fatal neurodegenerative disease, 56 

it is imperative that the metabolism of BMAA be explored. 57 
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Despite being producers of BMAA, cyanobacterial responses to BMAA have 58 

included growth defects and changes to nitrogen and amino acid metabolism [17-21]. 59 

To date, only two studies in bacteria other than cyanobacteria have been published, 60 

both showing common gut microorganisms, including Escherichia coli, appear to 61 

tolerate BMAA without obvious ill effects that are observed in cyanobacteria and 62 

mammalian cells [22, 23]. With BMAA exerting toxic effects across many species 63 

including those that produce it, the observation that E. coli is seemingly unaffected by 64 

BMAA toxicity makes its response prudent to investigate. The mechanism of tolerance 65 

or effects that BMAA may have on E. coli could reveal important information that can 66 

be used to understand how BMAA is produced, processed, or detoxified in 67 

prokaryotic species generally, including cyanobacteria.  68 

As many NPAAs structurally resemble protein amino acids, this allows them to 69 

act as antimetabolites and displace or mimic canonical amino acids in physiological 70 

systems (reviewed in [24]). Various cellular pathways that involve amino acids may 71 

be influenced by the presence of NPAAs, including protein synthesis, and amino acid 72 

synthesis and metabolism [25]. This enables NPAAs to exert different kinds of toxic 73 

effects on the organism exposed. However, due to its links to human disease BMAA 74 

research has understandably focused on mammalian systems, with prokaryotic 75 

systems receiving less study. Prokaryotic systems have previously been used to reveal 76 

amino-acid mimicking ability and protein misincorporation as a mechanism of action 77 

for other NPAAs including azetidine-2-carboxylic acid [26, 27], canavanine [27], and 78 

meta-tyrosine [28]. BMAA influences amino acid metabolism in other cell models [29] 79 
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and might have additional effects on cells that are not typical of many standard-80 

amino-acid mimicking NPAAs.  81 

This study aimed to investigate the effects of BMAA on E. coli, to begin to 82 

understand the mechanism of tolerance. Auxotrophic strains that each have one 83 

amino acid biosynthetic pathway inactivated were used to identify any essential 84 

interactions between BMAA and the biosynthesis of specific protein amino acids. As 85 

toxic NPAAs tend to mimic specific canonical amino acids, identification of 86 

interactions between BMAA and certain pathways may give insight into the complex 87 

effects and metabolism of BMAA in prokaryotic cells. Additionally, as BMAA can 88 

cause toxicity via oxidative stress mechanisms [3], investigations continued into the 89 

oxidative defenses of E. coli and susceptibility of strains to oxidative stress.  90 

  91 
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2. Materials and methods  92 

2.1 Materials  93 

All reagents were analytical grade or cell culture grade. Amino acids including 94 

BMAA were sourced from Sigma-Aldrich (St. Louis, MO, USA). Solutions of BMAA 95 

were prepared in 10 mM hydrochloric acid (HCl) and stored at -20°C.  96 

2.2 Bacterial strains 97 

E. coli strains from the Keio collection were obtained from the Coli Genetic Stock 98 

Centre (CGSC) and derived from parent strain BW25113 [30]. Strains and their 99 

relevant phenotypes are listed in Table 1. Strains were stored at -80 °C in 16% glycerol 100 

and samples were revived on LB agar medium as needed. An auxotrophic strain for 101 

alanine was not available as this deletion is non-viable. In addition, deletions to create 102 

auxotrophy for glycine, asparagine, aspartic acid, and glutamic acid could not be 103 

grown sufficiently in minimal medium, despite amino acid supplementation, and 104 

these strains were excluded from the screening study.  105 

2.3 Growth screening of amino acid auxotrophic strains with BMAA 106 

Strains were streaked onto LB agar and incubated for 18 hours at 37°C, single 107 

colonies were then inoculated into 3 ml of M9 minimal medium with glucose as the 108 

carbon source [31]. 10 µg/ml uracil and a trace-elements solution were included in 109 

minimal medium [32]. Auxotrophic strains were supplemented with 100 µg/ml of 110 

their corresponding required amino acid. E. coli were initially cultured for 16-18 hours 111 

at 37°C with shaking at 150 rpm. These starter cultures were then used to inoculate 10 112 
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ml of fresh M9 medium of the same composition to an OD600 of 0.05 and growth was 113 

continued until exponential phase (OD600 0.5-0.6) before cells were washed in M9 114 

medium lacking amino acids. Cells were then re-suspended to OD600 0.1 in M9 115 

medium with 100 µg/ml of required amino acid for each auxotrophic strain or no 116 

amino acids for the wild type. These cultures were transferred to 96-well plates with 117 

BMAA (500 µg/ml final concentration), whereas controls received the same volume of 118 

10 mM HCl. Washed cultures not supplemented with amino acids served as negative 119 

controls and confirmed the auxotrophy of the strains. E. coli were grown at 37 °C with 120 

constant shaking in a microplate reader (PowerWave HT Microplate 121 

Spectrophotometer, BioTek), with absorbance measurements taken at 30-minute 122 

intervals (at 600 nm) for 12 hours. Final absorbance measurements were appropriately 123 

blanked to correct for background absorbance and the data were used to generate 124 

growth curves for all cultures. For growth of the cysteine deletion strain JW3582-2 125 

with varied BMAA concentrations, the same procedure was followed but for 18 hours 126 

total growth time and with concentrations of BMAA at 25, 50, 100, 200, and 400 µg/ml.  127 

2.4 Growth of the wild-type and cysteine biosynthesis gene deletion strains with BMAA 128 

For experiments comparing the response of wild type E. coli and cysteine deletion 129 

strain JW3582-2 to 500 µg/ml of BMAA in rich and poor medium, M9 minimal and LB 130 

media were employed. Strains were grown and treated with BMAA as described 131 

above, with either M9 or LB used throughout growth and treatment. For experiments 132 

comparing susceptibility of various cysteine biosynthesis gene deletions, strains 133 

JW3582-2, JW2407-1, and JW2414-3, with deletions in cysE, cysK and cysM, 134 
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respectively, were prepared as described in section 2.3 and grown for 24 hours with 135 

500 µg/ml BMAA. 136 

2.5 Hydrogen peroxide (H2O2) treatment of wild type and cysteine auxotrophic E. coli 137 

Wild-type E. coli and the cysteine auxotrophic strain JW3582-2 were grown to 138 

exponential phase as described in section 2.3. Strain JW3582-2 was supplied with 100 139 

µg/ml cysteine throughout. Exponentially growing cultures were diluted to OD600 of 140 

0.1 in additional medium pre-warmed to 37 °C. H2O2 was added at a final 141 

concentration of either 5 mM or 25 mM, and then incubated at 37°C for 15 minutes. 1 142 

ml of cells were washed in 30 ml of PBS and pelleted at 4000 x g for 15 minutes. Pellets 143 

were re-suspended in 1 ml PBS and serially diluted before spotting onto LB agar 144 

plates. Agar plates were then incubated at 37°C for 18 hours and subsequent colonies 145 

counted and used to calculate CFU/ml of original culture.  146 

2.6 Glutathione analysis of wild type and cysteine auxotrophic E. coli 147 

Wild-type E. coli and the cysteine auxotrophic strain JW3582-2 were grown to 148 

exponential phase as described previously in 30 ml of nutrient poor M9 minimal or 149 

nutrient rich LB medium. Cultures were centrifuged at 4000 x g for 15 minutes and 150 

washed in 30 ml of PBS before further centrifugation. Pellets were stored at -80°C prior 151 

to glutathione analysis. During sample preparation, pellets were reconstituted in 3 ml 152 

of 80% ice cold methanol and probe sonicated twice on ice. Samples were then 153 

centrifuged at 3900 x g for 10 minutes and the supernatant transferred into new tubes 154 

for glutathione analysis while the pellet was kept for protein quantification. 2 ml of 155 
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0.1% Triton X-100 was added to the pellet and vortexed before performing the 156 

bicinchoninic acid assay (BCA) for protein quantification [33]. 157 

2.7 Glutathione analysis by LC-MS/MS 158 

Glutathione reduced (GSH) and oxidised (GSSG) were analysed using the Agilent 159 

Technologies 6490 triple quadrupole mass spectrometer (TQMS) coupled with an 160 

Agilent 1290 Infinity UHPLC. Liquid chromatography was performed using a Waters 161 

Cortecs® UPLC C18 column (150 x 2.1 mm, 1.6 µM particle size, 90 Å pore size). 162 

Solvent A consisted of ultrapure water + 0.1% (v/v) formic acid (FA) with solvent B 163 

consisting of LC-MS grade methanol + 0.1 % FA (v/v). GSH and GSSG were 164 

chromatographically separated and eluted via gradient elution (Fig. 6c). Flow rate was 165 

set to 0.25 ml/min with the column temperature being maintained at 20°C.  Solvent B 166 

conditions were as follows: 0.0 min 0%, 2.0 min 0%, 2.1 min 50%, 5.0 min 50%, 5.1 min 167 

100%, 7.0 min 100%, 7.1 min 0%, 9.5 min 0%.  168 

The TQMS was operated with an electrospray ionisation (ESI) source in positive 169 

mode. The operating settings for the TQMS were as follows: 250°C drying gas 170 

temperature at 14 l/min, 250°C sheath gas temperature at 11 l/min, 20 psi nebuliser 171 

pressure, 3000 V capillary voltage and 1500 V nozzle voltage. Retention time and 172 

multiple reactions monitoring (MRM) ion transitions were used to identify GSH and 173 

GSSG (Table 2). Each MRM transiton had a dwell time of 200 ms. Quanitification of 174 

GSH was conducted on the most abundant transition (308 m/z > 75.9 m/z). In-source 175 

fragmentation was observed for GSSG, resulting in its most abundant ion transiton to 176 

be the same as GSH (308 m/z > 75.9 m/z). Thus, quantification was conducted using 177 
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the 308 m/z > 75.9 m/z transition, this was possible due to the chromatographic 178 

seperation between the two compunds. The remaining transitions that utiilised the 179 

protonated mass of GSSG (613.2 m/z) were used for its qualification. Limits of 180 

detection (LOD) and limits of quantification (LOQ) were calculated with a signal to 181 

noise ratio of 3:1 and 10:1 respectivly. GSH was determined to have a LOD of 0.095 182 

µg/l with a LOQ of 0.28 µg/l while GSSG had a LOD of 0.12 µg/l with an LOQ of 0.37 183 

µg/l. GSH was found to have a linear range of 1 – 1000 µg/l and GSSG had a linear 184 

range of  1 – 500 µg/l. Repeatability was determined via calculation of %RSD from 7 185 

repeat injections of one point in the standard curve, with both GSH and GSSG having 186 

% RSD values of < 10%. Stability of GSH and GSSG were monitored via back-to-back 187 

injections overnight at 4°C with no notable decrease or increase in levels for either 188 

compound. Samples were run alongside a 7-point calibration curve (1 µg/l, 5 µg/l, 10 189 

µg/l, 50 µg/l, 100 µg/l, 500 µg/l, and 1000 µg/l) to allow for quantification, and several 190 

blanks to ensure no carry-over was occurring. No carry-over was observed following 191 

either samples or standards. Injection volume was set to 2 µl, with all samples and 192 

standards being run in triplicate. All data analysis was conducted on Agilent’s 193 

Masshunter Qualitative Analysis with the quantified values for samples later being 194 

normalised to protein. 195 

  196 
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3. Results 197 

3.1 Analysis of the growth of E. coli amino acid auxotrophs in the presence of BMAA 198 

To explore potential requirement for individual amino acid biosynthetic pathways for 199 

BMAA tolerance in E. coli, growth studies of single-gene knockout strains exposed to 200 

BMAA were undertaken. The final optical density (OD600) of BMAA-exposed cultures 201 

after 12 hours growth was compared to that of untreated control cultures and a 202 

relative percentage of growth was calculated. BMAA was added to a final 203 

concentration of 500 µg/ml (4.23 mM), giving a ratio of NPAA to the auxotrophic 204 

protein amino acid of around 5:1. Wild type E. coli treated with BMAA attained the 205 

same density of growth as BMAA-free controls (Fig. 1). Much like the wild-type strain, 206 

most of the gene knockout mutants also showed no or minimal growth inhibition in 207 

media containing BMAA. The exception to this pattern was the cysteine auxotrophic 208 

strain, which carries a deletion in the gene cysE, encoding serine O-acetyltransferase 209 

for the first step in cysteine biosynthesis. This strain failed to grow during the 12-hour 210 

exposure to BMAA (Fig. 1). 211 

Growth of the wild type and cysE mutant during BMAA exposure was then 212 

compared over time in both nutrient rich and nutrient poor media. Growth with 213 

BMAA over time was uninhibited and comparable to BMAA-free controls when 214 

strains were in nutrient rich conditions (Fig. 2cd). In nutrient poor conditions, 215 

represented by M9 minimal medium, wild type growth remained unaffected by the 216 

presence of BMAA (Fig 2a). In contrast, cultures of the ΔcysE mutant, which has a non-217 
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functional cysteine biosynthesis pathway, failed to produce any noticeable change in 218 

optical density during the 12-hour exposure to BMAA in nutrient poor conditions, yet 219 

grew well in BMAA-free medium (Fig. 2b). 220 

3.2 Characteristics of growth inhibition by BMAA in cysteine biosynthesis mutants  221 

We next sought to determine a BMAA minimal inhibitory concentration by 222 

monitoring ΔcysE cultures containing 25 µg/ml to 400 µg/ml BMAA. However, we 223 

observed a dose-dependent lag in the growth of cultures exposed to BMAA (Fig. 3), 224 

rather than complete inhibition of growth that was apparent at the 12-hour time-point 225 

with 500 µM BMAA (Fig. 2b). At all concentrations of BMAA tested, the E. coli cultures 226 

reached similar optical densities to control cultures by 18 hours (Fig. 3). Additional 227 

cysteine (up to 1.6 mM) was unable to reverse the inhibitory effect of BMAA on ΔcysE 228 

(data not shown). Therefore, instead of indefinite inhibition of growth, or death of the 229 

whole culture, the pattern was one of a dose-dependent growth lag preceding a return 230 

to normal growth rates and final yield.  231 

The response of other cysteine biosynthesis mutants to BMAA was observed 232 

alongside strain ΔcysE, to understand whether BMAA tolerance is linked to cysE alone 233 

or required the entire cysteine biosynthesis pathway. Strains with deletions of cysK or 234 

cysM, which encode O-acetylserine sulfhydrylase enzymes for the second and final 235 

step of L-cysteine biosynthesis, were grown for 24 hours in minimal medium with 500 236 

µg/ml BMAA. The ΔcysK and ΔcysM strains also displayed the pattern of growth lag 237 

as seen for ΔcysE upon BMAA exposure (Fig. 4bc); cultures eventually recovered 238 

normal growth rates and final yields. However, with these extended time courses, we 239 
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observed that the duration of the growth lag was variable in replicate cultures of all 240 

three mutants, with lag durations of up to 15 hours (Fig. 4). ΔcysE strains collected 241 

after growth in 500 µg/ml BMAA exhibited similar lag characteristics when subjected 242 

to a second round of growth and BMAA treatment (data not shown), indicating that 243 

the lag pattern was not caused by the appearance of genetically acquired BMAA 244 

resistance during the initial exposure. Overall, the dose-dependent growth 245 

characteristics of the cysteine biosynthesis mutants in minimal medium suggest that 246 

these cells require time to metabolize BMAA or its products. 247 

3.3 Sensitivity of E. coli ΔcysE to oxidative stress 248 

Due to the BMAA susceptibility characteristics of ΔcysE, coupled with the links 249 

between BMAA and oxidative stress [3], it was of interest to compare the tolerance of 250 

the wild-type and ΔcysE strains to oxidative stress. With cysteine synthesis being 251 

important for cellular redox reactions and maintaining cellular antioxidants [34, 35], 252 

disruption of cysteine biosynthesis in ΔcysE could result in a weakening of oxidative 253 

tolerance. The wild-type and ΔcysE strains were treated with 5 mM and 25 mM H2O2,, 254 

a well-known inducer of oxidative stress, and resulting viability (CFU/mL) was 255 

determined (Fig. 5). Wild type E. coli showed somewhat decreased viability with 25 256 

mM H2O2, however the ΔcysE strain displayed greater reductions in viability at both 257 

25 mM and 5 mM H2O2  (Fig. 5), indicating that ΔcysE causes hypersensitivity to 258 

oxidative stress. 259 

As glutathione is one of the major cellular antioxidants influenced by intracellular 260 

cysteine availability, the total glutathione contents, and ratio of reduced (GSH) and 261 
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oxidised (GSSG) forms were examined in the wild-type and ΔcysE strains. As seen in 262 

Fig. 6a, wild-type cells had significantly more total glutathione than the ΔcysE in rich 263 

medium, whereas in nutrient poor media there was a similar lower level of total 264 

glutathione in both strains. The relative amounts of reduced (GSH) and oxidised 265 

(GSSG) glutathione were then determined using HPLC separation and mass 266 

spectrometry identification and levels quantified against commercial standards. The 267 

ratio of reduced to oxidised glutathione was lower in ΔcysE compared to wild type, 268 

and this was consistent in both rich and poor medium (Fig. 6b).  269 
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4. Discussion 270 

We initially observed that high level BMAA exposure (4.24 mM) did not inhibit 271 

growth of wild type E. coli, consistent with previous work showing exposure to BMAA 272 

(100 µM) resulted in no inhibition in growth over an 8-hour time period [22]. The 273 

general tolerance of E. coli to BMAA suggests that it does not share the amino acid 274 

mimicry mechanism of toxicity observed with other NPAAs such as azetidine-2-275 

carboxyllic acid and canavanine. Typically, inhibition of growth upon exposure to a 276 

protein amino acid mimicking NPAA is relieved by addition of the competing ‘parent’ 277 

amino acid [27, 36]. With the DcysE strain, which is defective in cysteine biosynthesis 278 

[30], we observed a substantial delay of growth with BMAA, despite the presence of 279 

100 µg/mL cysteine in minimal media. BMAA toxicity is well documented in 280 

mammalian cell models [1, 5, 7, 29, 37], where competition with L-serine [6] and 281 

interference with amino acid metabolism [29] have been suggested. Even 282 

cyanobacteria, which are thought to be the main producers of BMAA, can still 283 

experience growth inhibition and perturbations in metabolism [19, 21]. The lack of 284 

BMAA toxicity in E. coli is at odds with the toxicity seen in mammalian and 285 

cyanobacterial systems. The tolerance of E. coli towards BMAA raises the possibility 286 

of a defense or detoxification mechanism possessed by E. coli that could be absent in 287 

BMAA-susceptible mammalian cells.  288 

A potential means to understand BMAA tolerance in E. coli lies within the 289 

response we observed in cysteine auxotrophic strains. The substantial delays in 290 
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growth we observed for the cysteine auxotrophs upon exposure to 500 µg/ml BMAA 291 

in minimal medium was in contrast to the relatively uninhibited growth of the other 292 

amino acid auxotrophs. This suggests that cysteine biosynthesis, or its downstream 293 

effects on the cell, are important for tolerance towards BMAA in E. coli. As the main 294 

route of sulfur assimilation in cells, cysteine biosynthesis is central to many 295 

downstream activities essential for cell survival [38]. Free cysteine can directly 296 

contribute to the protection of cells from oxidative damage via oxidation to cystine, 297 

which can be reduced back to cysteine, providing a reservoir of antioxidant activity 298 

[39-42]. In addition, it is a precursor for several other important antioxidants such as 299 

glutathione. As such, a lack of cysteine can result in reduced levels of a range of 300 

antioxidants and subsequently an increased susceptibility to oxidative damage across 301 

many species [43-45],including the susceptibility of E. coli to external stressors, 302 

antibiotics and toxins [34, 35, 46]. 303 

Total glutathione levels for wild type and DcysE strains in minimal medium were 304 

similar (Fig. 6a), likely due to the nutrient scarce nature of minimal medium. 305 

Compared to poor medium, wild type E. coli generated higher levels of glutathione 306 

when grown in rich medium. Yet, the cysteine disrupted mutant did not produce 307 

comparable levels of glutathione (Fig. 6a), suggesting that the lack of intracellular 308 

cysteine biosynthesis in DcysE limits the production of the higher levels of glutathione 309 

produced in rich medium. Additionally, the ratio of reduced to oxidized glutathione 310 

was lower for the cysE lacking strain (Fig. 6b), suggesting that the cysteine 311 

biosynthesis mutant experiences more oxidative stress. Oxidative stress has 312 
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previously been shown to be a component of BMAA toxicity, with mechanisms 313 

identified such as inhibition of cystine uptake in neuronal cells resulting in reduced 314 

glutathione [3, 47]. Oxidative stress and influence on cysteine metabolism perhaps 315 

explains why a lack of cysteine biosynthesis could render the strain more susceptible 316 

to BMAA. This was supported by results showing that the DcysE strain is more 317 

susceptible to oxidative stress (H2O2) than wild type E. coli (Fig. 5). This could indicate 318 

that the normal defenses against oxidation are sufficient to deal with BMAA in wild 319 

type E. coli, but impairment by disruption of cysteine metabolism weakens these 320 

defenses. This is supported by a previous study showing cellular respiration was not 321 

decreased, nor was there an increase in reactive oxygen species generation upon 100 322 

µM BMAA exposure in wild type E. coli [22]. 323 

In apparent contrast to the data presented here, previous work has indicated that 324 

bacterial cysteine mutants were more successful at surviving brief exposure to H2O2 325 

than wild type [48, 49]. However, the differing results may be explained by the 326 

increased exposure time used here (15 minutes) or our use of minimal medium as 327 

opposed to the rich medium used previously. Our BMAA results indicate that E. coli 328 

is only sensitive to BMAA in minimal medium and when impaired for cysteine 329 

biosynthesis (with knockouts of either cysE, cysK or cysM). Thus, the correspondence 330 

between sensitivity to H2O2 and BMAA suggests that E. coli is more sensitive in 331 

minimal medium to the oxidative stress expected to be present in these conditions. 332 

It is also clear from our data that the inhibition of growth BMAA caused for the 333 

cysteine disrupted strains is not permanent. There was a BMAA concentration 334 
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dependence in growth lag time, but maximum growth rate or final growth yield were 335 

unaffected (Fig. 3, Fig 4). A possibility to explain this growth pattern is that BMAA is 336 

metabolised using a process that may take some time for the E. coli to establish and 337 

complete; for example, via neutralization of oxidative damage and the export and/or 338 

prevention of further uptake of BMAA or its products.  339 

The observed link between BMAA and the enzymes in the cysteine biosynthesis 340 

pathway of E. coli also presents alternative possibilities for BMAA detoxification. In E. 341 

coli, cysteine is synthesized by two sequential enzymes: serine O-acetyltransferase 342 

(SAT; EC 2.3.1.30) encoded by cysE, and O-acetylserine sulfhydrylase (OASase; EC 343 

4.2.99.8), encoded by the partially redundant cysK or cysM genes. The pyridoxal 5’-344 

phosphate-dependent OASase enzymes encoded by cysK and cysM have previously 345 

been linked to NPAA metabolism, including enzymatic production of the toxic 346 

NPAAs mimosine and β-Pyrazol-1-yl-L-alanine [50-52]. It is possible that the cysteine 347 

biosynthesis enzymes help overcome BMAA by directly metabolizing it or its possible 348 

products, rather than support the downstream antioxidant effects of cysteine 349 

described above. 350 

This is the first study to examine the effects of BMAA on a range of auxotrophic 351 

E. coli strains and it presents new evidence from which to design future investigations. 352 

Investigations into cyanobacteria have revealed that they are the likely source of 353 

BMAA production, yet how they tolerate its toxic effects is not known. It has been 354 

shown that BMAA can inhibit growth of certain cyanobacterial strains [19, 20]. It is 355 

therefore interesting that E. coli is so tolerant of BMAA. As cyanobacteria share many 356 
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similarities to other prokaryotic species such as E. coli, further exploration of BMAA 357 

metabolism in a range of bacteria may provide insights into mechanisms of toxicity 358 

and detoxification. For example, it has already been documented that cyanobacteria 359 

carry additional copies of cysteine biosynthesis enzymes homologous to the cys genes 360 

of E. coli, in excess of what is required for cysteine production [53]. Exploration in this 361 

area could pave the way for the discovery of metabolic processes in cyanobacteria that 362 

involve BMAA, including mechanisms of production and protection. Such knowledge 363 

would present the opportunity to develop methods for combating BMAA production 364 

in these species and prevent BMAA release into the environment.  365 
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6. Legends to figures  538 

Figure 1. Knockout the E. coli cysE gene inhibits tolerance to BMAA. Cultures 539 

of wild-type E. coli BW25113 and amino-acid biosynthetic gene knockout strains were 540 

incubated for 12 hours at 37°C with shaking in M9-minimal medium with or without 541 



 26 

500 µg/ml BMAA. Auxotrophy of the knockout strains was alleviated by 542 

supplementation with 100 µg/ml of the required amino acid. Maximum growth yield 543 

(OD600) is plotted as a percentage of growth relative to the untreated control. Error 544 

bars represent standard deviation from triplicate cultures.  545 

Figure 2. Effect of BMAA on the growth of wild type E. coli and cysteine 546 

deletion mutant ΔcysE in nutrient rich and nutrient poor media. E. coli were treated 547 

with 500 µg/mL BMAA (grey) or untreated control (black) for 12 hours in nutrient rich 548 

LB medium or nutrient poor M9 minimal medium. (a) Wild type E. coli treated with 549 

BMAA in M9 medium. (b) cysE deletion strain treated with BMAA M9 medium 550 

supplemented with 100 µg/ml L-cysteine. (c) Wild type E. coli treated with BMAA in 551 

LB medium. (d) cysE deletion strain treated with BMAA in LB medium. Figures are 552 

representative of curves generated from triplicate cultures. 553 

Figure 3. E. coli ΔcysE exhibits a BMAA dose-dependent growth lag in minimal 554 

medium. Mean optical density measured at 600 nm of E. coli cultures grown in 96-555 

well plates with shaking at 37°C.  ΔcysE mutant E. coli growth over 18 hours in M9 556 

minimal media is shown with indicated BMAA concentrations. Cysteine auxotrophy 557 

in this strain was alleviated by supplementation with 100 µg/ml cysteine. Figures are 558 

representative of curves generated from triplicate cultures. 559 

Figure 4. Effect of 500 µg/ml BMAA on growth of E. coli mutants of the cysteine 560 

biosynthesis pathway. (A) The growth over 24 hours of strain ΔcysE treated with 500 561 

µg/mL BMAA (grey) or untreated control (black) in M9-minimal medium 562 

supplemented with 100 µg/mL L-cysteine. Panels (B) and (C) show strain ΔcysK and 563 
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ΔcysM, respectively, under the same conditions. Replicate cultures for each strain and 564 

treatment are plotted individually (n=4). 565 

Figure 5. Viability of E. coli ΔcysE and wild-type strains treated with H2O2. Wild 566 

Type and cysE deletion mutant E. coli were treated with 5 mM and 25 mM H2O2 for 15 567 

minutes at 37°C in M9 minimal medium. Serially diluted cultures were plated on LB 568 

agar and resulting colonies were used to calculate CFU/ml. Cysteine auxotrophic 569 

strain DcysE was supplemented with 100 µg/ml L-cysteine. Error bars represent 570 

standard deviation from the mean (n=3). * - Significantly different (p < 0.05) using 571 

Student’s t-test.  572 

Figure 6. Measurement of glutathione in E. coli grown in nutrient poor and 573 

nutrient rich media. (a) Quantification of total glutathione levels in E. coli grown in 574 

nutrient poor (M9 minimal) and nutrient rich (LB) media during exponential growth. 575 

Concentration is normalized to protein as detected by BCA assay. (b)  Ratio of reduced 576 

to oxidised glutathione in E. coli strains grown in nutrient poor and nutrient rich 577 

medium. Glutathione content was determined using triple quadrupole mass 578 

spectrometer (TQMS) coupled with UHPLC, n=4. * Significantly different (p < 0.05) 579 

using T-test. (c) Representative chromatogram of GSH and GSSG from one of the 580 

standards used for the calibration curve. 581 
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7. Tables 587 

Table 1. List of E. coli strains used in this study. 588 

Strain Genotype Phenotype 

BW25113  Wild Type 

JW0003-2 ΔthrC724::kan Threonine Auxotroph 

JW0233-2 ΔproA761::kan Proline Auxotroph 

JW1254-2 ΔtrpC770::kan Tryptophan Auxotroph 

JW2004-1 ΔhisB720::kan Histidine Auxotroph 

JW2580-1 ΔpheA762::kan Phenylalanine Auxotroph 

JW2581-1 ΔtyrA763::kan Tyrosine Auxotroph 

JW2786-1 ΔargA743::kan Arginine Auxotroph 

JW2806-1 ΔlysA763::kan Lysine Auxotroph 

JW2880-1 ΔserA764::kan Serine Auxotroph 

JW3745-2 ΔilvA723::kan Isoleucine Auxotroph 

JW3841-1 ΔglnA732::kan Glutamine Auxotroph 

JW3973-1 ΔmetA780::kan Methionine Auxotroph 

JW5605-1 ΔilvD722::kan 
Valine, Isoleucine, Leucine 

Auxotroph 

JW5807-2 ΔleuB780::kan Leucine Auxotroph 

JW3582-2 ΔcysE720::kan Cysteine Auxotroph 

JW2407-1 ΔcysK743::kan Cysteine Synthesis Mutant 

JW2414-3 ΔcysM750::kan Cysteine Synthesis Mutant 
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 593 

Table 2. Retention times and MRM ion transitions for all targeted compounds. 594 

*denotes transition used for quantification. 595 

Analyte 
Retention time 

(min) 
Collision energy MRM transition 

(m/z) 

Glutathione 

reduced (GSH) 

2.7 34 

38 

74 

308.0 → 75.9* 

→ 84 

→ 59 

Glutathione 

oxidised (GSSG) 

4.2 34 

40 

38 

22 

308.0 → 75.9* 

613.2 → 176.9 

→ 230.8 

→ 355.1 
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8. Figures  598 
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