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Osmolytes protect microbial cells against temperature, osmolarity and other stresses. The osmolyte cyclic 2,3-diphosphoglycerate, originally isolated from the thermophilic archaeon Methanothermus fervidus, naturally protects cellular proteins under extreme conditions. The biosynthetic pathway for cyclic 2,3-diphosphoglycerate has been introduced into the thermophilic bacterium Thermus thermophilus. The two enzymes in this synthetic pathway, 2-phosphoglycerate kinase and cyclic diphosphoglycerate synthetase, were incorporated into a newly designed modular BioBricks vector. The expression of this two-enzyme cascade resulted in the whole cell production of cyclic 2,3 diphosphoglycerate. In vivo production of cyclic 2,3-diphosphoglycerate was confirmed by mass spectrometry to a concentration up to 650 µM. This study demonstrates the feasibility of using this well studied thermophilic bacterium as a host in a whole-cell factory approach to produce cyclic 2,3 diphosphoglycerate. This raises the potential for commercialisation of cDPG for cosmetic and healthcare applications. Our work demonstrates the application of Thermus thermophilus as an alternative host for other high value small organic molecules of industrial interest.
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INTRODUCTION
Osmolytes are small organic molecules that are accumulated within cells as a response to stress conditions (Yancey, 2001; Littlechild et al., 2013). They act to increase the thermodynamic stability of biological macromolecules in extremophilic microorganisms without compromising their native functional activities (Yancey et al., 1982). The concentration of osmolytes in the cell can range from millimolar to 1–2 M in response to the extracellular osmolarity. They accumulate to up to 25% of dry cell weight in microorganisms exposed to stressful environmental conditions (Raddadi et al., 2015; Faria et al., 2018). As some osmolytes are tolerated by the cells over this wide concentration range, these compounds were also termed compatible solutes (Brown, 1976).
Extremolytes are organic osmolytes from extremophilic microorganisms that are adapted to grow at high or low temperature, high salinity and other environmental extremes (Lippert and Galinski, 1992; Rothschild and Mancinelli, 2001). These molecules have many applications in several different industrial sectors. These include additives to improve the stability of high value molecules such as enzymes, drugs, and antibodies (Iyer and Ananthanarayan, 2008; Tani et al., 2015; Hamon et al., 2017; Castro-Ochoa et al., 2019), food and cosmetic product ingredients (Buenger and Driller, 2004; Graf et al., 2008; Marini et al., 2014), and as potential therapeutics for several neurodegenerative disorders (Jorge et al., 2016).
In the past decade, there has been a surge in the successful biotechnological production of extremolytes, and most prominently ectoine and hydroxyectoine (Czech et al., 2018). These compounds are produced at large scale (5 tons per year). The world leader for ectoine manufacturing is the German company Bitop AG, who relies on a non-GMO Halomonas elongate strain that has the ability to export these extremolytes from the cells in a process referred to as “bacterial milking” (Sauer and Galinski, 1998). Ectoine accumulates inside H. elongata cells under high-salt growth conditions (15% (w/v) NaCl). It is released into the growth medium by osmotic downshock (3% (w/v) NaCl). More recently, ‘superleaky’ mutants of H. elongata have been isolated that excrete ectoine during high-salt growth (Kunte et al., 2014; Becker and Wittmann, 2020).
Another extremolyte is cyclic 2,3-diphosphoglycerate (cDPG). cDPG has been exclusively found in the hyperthermophilic archaeal methanogens such as Methanothermus fervidus, Methanopyrus kandleri, and Methanothermobacter thermoautotrophicus, at concentrations from 0.3–1.1 M (Hensel and König 1988; Ciulla et al., 1994; Matussek et al., 1998). cDPG is biosynthesised by a two-step pathway from the glycolytic intermediate 2-phosphoglycerate (2PG). The process requires two enzymes, 2-phosphoglycerate kinase (2PGK) that forms 2,3-di-phosphoglycerate (2,3DPG) from 2PG and cyclic di-phosphoglycerate synthase (cDPGS) that cyclises 2,3DPG to form the extremolyte cDPG (Lehmacher et al., 1990) (Scheme 1).
[image: Scheme 1]SCHEME 1 | Reaction scheme for production of cyclic 2,3-diphosphoglycerate using the enzymes 2PGK and cDPGS derived from the archaeon Methanococcus fervidus.
In the native archaeal methanogen species cDPG biosynthesis is triggered by increasing the growth temperature (Lehmacher et al., 1990) and the accumulation of this extremolyte in the cells is correlated with high temperature environments. The concentration increases from 70 mM in M. thermoautotrophicum (65°C), to 300 mM in M. fervidus (84°C), and 1 M in M. kandleri (98°C) (Shima et al., 1998). One other role for cDPG has been suggested to be as a phosphate and energy storage compound (Sastry et al., 1992; Van Alebeek et al., 1994; Lentzen and Schwarz, 2006). Because the cDPGS reaction is exergonic at cellular concentrations, cDPG accumulation is favoured thermodynamically until this reaction reaches equilibrium (Shima et al., 1998). cDPG appears to play a role in the thermoprotection of proteins, and increased thermostability has been demonstrated for several model enzymes (Hensel and Jakob, 1993; Borges et al., 2002). Furthermore, cDPG protects plasmid DNA against oxidative damage by hydroxyl radicals (Lentzen and Schwarz, 2006). It can also function as a superoxide scavenger, with one third of the activity of the strong antioxidant ascorbic acid (Valentão et al., 2002).
The growth of these archaeal methanogens at a scale to obtain sufficient quantities of the cDPG extremolyte would be extremely challenging since these organisms are fastidious strict anaerobes that use C1 and C2 compounds as terminal electron acceptors (Thauer et al., 2008; Jabłoński et al., 2015). Their cultivation requires sophisticated and specialised equipment (Stetter et al., 1981). Attempts to use Escherichia coli as a host to bio-synthesise cDPG have had limited success, with a maximum production of 8.8 µmol per milligram of expressed protein (Moritz, 2003).
Transfer of the cDPG pathway (Scheme 1) into an aerobic, easy to grow thermophilic organism would allow the industrial production of cDPG from cheap feedstocks. In addition, it would maintain the optimum temperature for the enzymes of the cDPG pathway. The use of a so called “thermophilic cell factory” offers additional advantages such as a lower risk of contamination, the potential for the recovery of volatile products, higher mass transfer rates, improved solubility of some substrates, and the potential for integration with high temperature chemical processes (Frock and Kelly, 2012). Thermus thermophilus is an ideal candidate for this purpose, as it offers fast growth rates, high cell yields, and natural competency which significantly simplifies the genetic manipulation required (Cava et al., 2009; Verdú, et al., 2019). For these reasons, a wealth of genetic tools have already been established for T. thermophilus, including plasmids (Tamakoshi et al., 1999; Moreno et al., 2003; Fujino et al., 2020), promoters (Moreno et al., 2005; Cava et al., 2009), and selection markers (Lasa et al., 1992; Nakamura et al., 2005). Several studies have already demonstrated that T. thermophilus could potentially be used as a cell factory (Doi et al., 2009; Aulitto et al., 2017). These include early studies by the group of Tairo Oshima who demonstrated the expression of an isopropyl malate dehydrogenase chimeric enzyme in T. thermophilus (Kotsuka et al., 1996). Furthermore, 2PG is produced by the central metabolism of T. thermophilus as part of the Embden-Meyerhof-Parnas pathway from which the cDPG pathway branches (Swarup et al., 2014; Cordova et al., 2016).
This study reports the first example of using T. thermophilus as a whole-cell host to produce the valuable extremolyte cDPG. The enzymes 2PGK and cDPGS have been recombinantly expressed in T. thermophilus using a flexible plasmid design allowing production of cDPG to a level compatible with an industrial application. These results validate the concept of using a thermophilic host for in vivo biosynthesis of a variety of high value small molecules.
RESULTS AND DISCUSSION
Development of the Synthetic Biology Tools for Thermus thermophilus
A new E. coli to T. thermophilus shuttle vector (pBBTth) was designed to facilitate the use of the BioBrick cloning method (http://hdl.handle.net/1721.1/21168). This vector combines origins of replication for E. coli and T. thermophilus, and a thermostable selectable marker from pMKE2 to allow selection in either E. coli or T. thermophilus (Supplementary Figure S4). The BioBricks cloning site and reporter gene from pSB1C3 (Supplementary Figure S3B) were added to facilitate the cloning steps in E. coli. The vector was designed for the addition of two Biobricks to form the final vector, removing the RFP reporter gene. More than two pieces could be combined if desired using the Gibson (Thomas et al., 2015) or Golden Gate (Engler and Marillonnet, 2014) cloning methods.
Four T. thermophilus promoters were identified, covering a range of strengths (Supplementary Table S1; Prof. José Berenguer and Prof. Aurelio Hidalgo, Universidad Autónoma de Madrid, and personal communication). To quantify promoter strength, the super-folder GFP (sfGFP), which functions at 70°C (Cava et al., 2008), or mRFP, were cloned downstream of each promoter in pBBTth. T. thermophilus was transformed with these constructs as well as controls with no promoter and grown in suitable minimal media (Averhoff, 2006). Both sfGFP and mRFP were codon optimized for expression in T. thermophilus and featured a C-terminal FLAG tag. Expression of both proteins was faintly visible on SDS-PAGE and was clearly detected by an anti-FLAG Western blot (Figure 1). No mRFP fluorescence was detected above background. This is likely due to the instability of the mRFP fluorophore at high temperature (Deepankumar et al., 2015). Expression of thermostable sfGFP was quantified from cultures grown in minimal media (Figure 2). As expected, PslpA showed strong expression (Luisa Faraldo et al., 1991; Verdú, et al., 2019). However, Prmp and Pnqo (Cava et al., 2008) both showed comparable expression while Pnar (Hidalgo et al., 2004), even when not induced, and showed expression at two-thirds of this level. Surprisingly, constructs without a promoter showed some expression, and likely from read-through from the selectable marker. These results confirmed that multiple T. thermophilus promoters can express recombinant proteins, and that none are sufficiently strong to cause cellular toxicity.
[image: Figure 1]FIGURE 1 | SDS-PAGE and Western blot of the total cell lysate from T. thermophilus expressing codon optimised sfGFP and mRFP, under the control of PslpA, Pnar, Prmp, Pnqo, and without a promoter. T. thermophilus containing empty pBBTthK and without a plasmid were included as negative controls. A T. thermophilus cell lysate expressing a 29 kDa FLAG tagged protein (pBBTth-Archaeoglobus fulgidus esterase) was included as a positive control. The markers are the Spectra™ Multicolor Broad Range Protein Ladder (Thermo #11842124). The Western blot was probed using a chicken anti-FLAG primary antibody and a goat anti-chicken IRDye 800CW secondary antibody. The expected sizes of sfGFP (26.8 kDa) and mRFP (28 kDa) are shown by the yellow and purple boxes respectively. The larger MW band in some mRFP lanes (∼56 kDa) likely reflects a detergent resistant dimer of mRFP.
[image: Figure 2]FIGURE 2 | Population average sfGFP fluorescence as a measure of promoter strength sfGFP expression was measured by reading the fluorescence and OD600 nm of T. thermophilus cultures grown in minimal media. 200 μl aliquots was taken in triplicate from three shake flasks for each culture into a 96-well microtiter plate for reading using a plate reader. Population average GFP expression was calculated as the fluorescence recorded divided by OD600 nm. A blank was also measured using T. thermophilus cultures with no sfGFP expression and subtracted from all readings. Error bars represent standard error. Data are the mean of three biological replicates, each of which contained three technical replicates.
Using a Synthetic Biology Tool to Produce cDPG by Whole Cell Biosynthesis
The 2PGK and cDPGS enzymes from M. fervidus were codon-optimised for T. thermophilus and cloned into pBBTth to form a new enzymatic cascade in T. thermophilus. Expression of Mf2PGK and MfcDPGS was directed using a polycistronic construct, with 6*His tags added to both proteins to allow confirmation of expression. Constructs were prepared with each of the four promoters identified above. The T. thermophilus was transformed with each construct and grown for 24 h. After approximately 3.5 h cultures containing constructs featuring the Pnar promoter were placed in a sealed and para-filmed 50 ml Falcon tube with the addition of 40 mM potassium nitrate. This was incubated at 70°C with no shaking to achieve anaerobic conditions that would trigger Pnar induction (Moreno et al., 2003; Hidalgo et al., 2004). cDPGs expression was detected from the three constitutive promoters (Supplementary Figure S1). In contrast, no expression was detected for 2PGK with any of the promoters. New ribosome binding sites were designed using the Salis RBS calculator (Salis, 2011) (Supplementary Table S3). The predicted expression strength correlated with the observed expression level with the 2PGK expression being detected only after using the Mf-2PGK RBS2 which had a predicted translation initiation rate of 236,855 compared to the previous Mf-2PGK RBS that was only 90,966. However, it is difficult to exclude the influence of other factors. Although the RBS calculator can be used for the design of functional RBSs for T. thermophilus good 2PGK expression was only observed with the new RBS2 and PslpA promoter (Fig. S2) but not with the other promoters (data not shown).
T. thermophilus cells expressing cDPGS and 2PGK showed significantly different growth in culture, when compared to cells transformed with empty pBBTth (Figure 3). As recently reviewed by Zeng and colleagues, synthetic pathways compete with their host for the cellular resources required for their respective functions. This resource competition can lead to poor performance and unexpected behaviour of the designed systems (Zeng et al., 2021). In our case there was a longer lag phase delay, of approximately 4 h and a lower final OD600 nm compared to cells with empty pBBTth. However, the exponential growth rate is almost unaffected. This might be due to the energetic burden of producing 2PGK and cDPGS, or it might reflect the diversion of resources from central metabolism to produce 2,3DPG and cDPG. This was tested by repeating the experiment in stress conditions (addition of high salt concentrations; Figure 4). In contrast to un-supplemented media, there was little effect shown from expressing the cDPG pathway in media supplemented with 150 mM NaCl, whilst cells transformed with the empty pBBTth grew slower. Supplementation of the media with 300 mM NaCl dramatically slowed the growth of all strains. The T. thermophilus cells expressing the cDPG pathway grew significantly better than the control, reaching a final OD600 nm of 0.64 ± 0.04 compared to the 0.28 ± 0.02 for the control (p < 0.001). These results strongly suggest that the cells with the synthetic pathway added grow slower in the base media because they are synthesising cDPG to bio-protective levels at the cost of the growth rate. Furthermore, although there are no reports of cDPG production being modulated by salt stress, cDPG can still have a protective/beneficial function in osmotic stress conditions as reported for other extremolytes such as ectoine and hydroxyectoine (Czech et al., 2018). Indeed, cDPG at pH 8.0 can counter balance potassium ions in a 1–3.3 ratio. This makes it a good extremolyte to respond to osmotic stress (Hensel and König, 1988; Shima et al., 1998).
[image: Figure 3]FIGURE 3 | Growth curve of T. thermophilus cells transformed with different plasmids over a 24-h period. Blue diamond: Untransformed T. thermophilus cells (growth without kanamycin), black square: T. thermophilus cells transformed with empty pBBTth vector, and green triangle: T. thermophilus cells transformed with pBBTth-PslpA-cDPGS-2PGK plasmid. Error bars represent standard error. Data are the mean of three biological replicates. The entire growth curves were analysed by ordinary one-way ANOVA using GraphPad Prism v9.2. Statistical differences were considered significant if the p value was less than 0.05 (denoted by stars *p < 0.05; **p < 0.005; ***p < 0.001).
[image: Figure 4]FIGURE 4 | Growth curve of T. thermophilus showing the OD at 600 nm of cells transformed with empty pBBTth vector (circle) or pBBTth-PslpA-cDPGS-2PGK (triangle) in the presence of 0, 150, or 300 mM NaCl over a 24-h period. The entire growth curves were analysed by ordinary one-way ANOVA using GraphPad Prism v9.2. Statistical differences were considered significant if the p value was less than 0.05 (denoted by stars *p < 0.05; **p < 0.005; ***p < 0.001).
The cDPG production by T. thermophilus was determined over a 24-h period by HPLC-MS (Figure 5, 6A). As expected, wild-type T. thermophilus showed no cDPG production. The T. thermophilus expressing the 2PGK-cDPGS synthetic operon produced cDPG, with production peaking at 650 µM after 16 h. This corresponds to the late stage of exponential growth. As the cells enter stationary phase (24 h) there is a decline in cDPG concentration, consistent with the hypothesis that cDPG acts as an energy store (Sastry et al., 1992; Van Alebeek et al., 1994; Lentzen and Schwarz, 2006). The concentration of the substrate 2PG was also monitored (Figure 6B) showing that the 2PG concentration also peaks at late log phase. Notably, the 2PG concentration is not significantly lower in the cells expressing the cDPG pathway. This indicates that T. thermophilus can boost 2PG production to meet the requirement for cDPG biosynthesis, while maintaining 2PG concentration to approximately the same level as the control. No cDPG was detected in the culture medium without cell lysis (data not shown). This demonstrates that T. thermophilus can accumulate extremolytes in the cell up to 650 µM.
[image: Figure 5]FIGURE 5 | HPLC-MS analysis of 2PG and cDPG in standard and reaction. (Left) Extracted ion chromatograms. (Right) MS fragmentation patterns, with the whole molecule mass indicated by the blue diamond, and the fragments underlined in red.
[image: Figure 6]FIGURE 6 | Whole cell production of the extremolyte cDPG in T. thermophilus cell cultures performed in small-scale shake flasks. T. thermophilus from an overnight starter culture was added to 50 ml of TBM media supplemented with 30 μg/ml kanamycin to an OD 600 nm of 0.0019. Cultures were grown in a 250 ml baffled flask and growth followed at OD600 nm. (A) The concentration of cDPG was monitored by HPLC-MS over 24 h of cell growth of T. thermophilus transformed with an empty pBBTth plasmid (light green) or with the pBBTth-PslpA-cDPGS-2PGK plasmid (orange), the red triangle overlay shows the growth curve of T. thermophilus cells transformed with pBBTth-PslpA-cDPGS-2PGK 24-h period. (B) concentration of 2PG as detected by HPLC-MS over 24 h of T. thermophilus cell growth transformed with empty pBBTth (light blue), and T. thermophilus cells transformed with pBBTth-PslpA-cDPGS-2PGK plasmid (dark blue). Error bars represent standard error. Data are the mean of three biological replicates.
The concentration of cDPG produced at the 16 h point is sufficiently high to make industrial production feasible in principle. To realise this opportunity there are three key challenges to overcome. Firstly, the cDPG concentration decreases after the exponential phase of cell growth at 16 h (dropping from ∼650 to 80 µM), indicating that T. thermophilus after reaching stationary phase likely utilises cDPG as an energy source as described in other studies (Sastry et al., 1992; Van Alebeek et al., 1994; Shima et al., 1998; Lentzen and Schwarz, 2006). Changing the expression strategy to a fed-batch system (Hewitt and Nienow, 2007) could reduce the cDPG from being used as an energy source and help to reach a higher OD600 nm value. Secondly, an optimised protocol for purification of cDPG from the cell culture is required. An ideal strategy would be similar to the “bacterial milking” described for ectoine. T. thermophilus naturally produces two other extremolytes, mannosylglycerate and trehalose (Nunes et al., 1995; Silva et al., 2005). A T. thermophilus trehalose deficient strain has been reported to have increased mannosylglycerate production under salt stress condition (Silva et al., 2003). The use of a trehalose and mannosylglycerate deficient strain could be beneficial to increase cDPG accumulation levels in response to salt stress. Finally, the data reported here are at a laboratory scale. Scale up to an industrial fermentation setting would likely require re-optimisation of the parameters at each stage of scale-up (Yang, 2014; Delvigne et al., 2017).
CONCLUSION
Here, we demonstrate for the first time a two-step whole-cell reaction performed in the thermophilic bacteria T. thermophilus. Two thermostable enzymes from M. fervidus have been cloned into a single plasmid and over-expressed under the control of the strong PslpA promoter. The production of the extremolyte cDPG was monitored with HPLC-MS, and the maximum concentration detected was approximately 650 µM compared to previous in vivo studies performed in E. coli which showed a maximum production of 8.8 µmol (Moritz, 2003). The whole-cell production of cDPG is associated with a slowdown of T. thermophilus growth. The introduction of synthetic pathways often results in growth defects because cellular resources are diverted away from biomass production (Zeng et al., 2021) and require additional energy (2 ATP for cDPG). Despite the slower growth of T. thermophilus, these results represent a major improvement when compared to the extraction of cDPG from cultivated methanogenic archaea which are strict anaerobes and are extremely difficult to grow.
Recently a new inducible promoter for the silica-induced protein (Sip) was used to express a thermostable β-galactosidase in T. thermophilus with a yield of 27 mg/L of culture (Fujino et al., 2016, 2020). This inducible promoter could be used in further experiments with T. thermophilus expressing the cDPG biosynthesis pathway for the industrial production of the extremolyte cDPG. There are key cost benefits of production in vivo when compared to a cell free system since the provision of substrate and cofactor is provided by the host cell.
MATERIALS AND METHODS
T. thermophilus HB27 was kindly gifted by Prof Jose Berenguer (Universidad Autónoma de Madrid, Madrid, and Spain). Pure cDPG for use as a standard for the HPLC-MS was kindly donated by Prof Bettina Siebers (University of Duisburg-Essen, Essen, and Germany).
Cloning
The pBBTTh vector was designed to obtain a T. thermophilus vector that could be used with the BioBricks cloning system (http://hdl.handle.net/10871/27323). Two vectors were selected as templates for the construction of the new vector. pMKE2 (Supplementary Figure S3A) is a commercially available vector capable of replication and selection in both E. coli and T. thermophilus, and carries the Pnar promoter (Moreno et al., 2005). pSB1C3 (Fig. S3B), is an established BioBricks vector for E. coli with a BioBricks cloning site flanked by two insulating terminator regions (Shetty et al., 2008). The BioBricks cloning site contains a stuffer gene for the expression of mRFP under the control of a lac promoter which helps identify successful cloning attempts. Fragments from the two vectors were designed with overhangs for Gibson assembly, amplified by PCR and then digested with DpnI. Gibson assembly was performed using the Gibson Assembly Cloning Kit (New England Biolabs #E5510S), following the manufacturer’s recommendations. The resulting plasmid was confirmed by restriction digest with XbaI and PstI giving bands at the expected sizes after agarose gel electrophoresis.
The Mf-2PGK and Mf-cDPGS genes were codon optimised based on the codon bias of T. thermophilus using the GeneArt, Gene Optimizer algorithm with a C-Terminal 6x His-Tag added. Ribosome binding sites (RBS) (Supplementary Table S3) were designed using the RBS calculator (Salis, 2011). Synthetic genes were ordered from GeneArt (Thermofisher, Waltham, MA, and United States).
PslpA and Pnar were cloned as BioBricks from pMKE2 by PCR, while Prmp and Pnqo were cloned from T. thermophilus genomic DNA. To ensure promoters from the T. thermophilus genome were captured, 200 bp and 150 bp regions upstream of the rmpB and nqo genes respectively were used.
Assembly parts were amplified by PCR using the Accuprime GC rich polymerase (Thermofisher, Waltham, MA, United States) and subcloned into pBBTTh (Supplementary Table S1). Primers for the assembly were designed using the NEBuilder assembly tool (Supplementary Table S2). PCR products were assembled with the NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs #E5520S) following the manufacturer instructions. The PslpA, Pnar, Prmp, and Pnqo promoters were used for all constructs. Constructs were assembled in E. coli with several steps; firstly, the genes for Mf-2PGK and Mf-cDPGS were cloned separately in pBBTth under the control of each promoter. After verification of successful cloning by colony PCR the entire synthetic operon was assembled (Figure 7) and verified by Sanger sequencing.
[image: Figure 7]FIGURE 7 | Schematic representation of the synthetic operon parts as originally designed (Top) and in the final construct (Bottom). Promoter: A promoter part, either PslpA, Pnar, Prmp or Pnqo. RBS: A custom RBS, designed using the RBS calculator (Salis, 2011). 2PGK and cDPGS: Codon optimized genes for expression.
The final polycistronic constructs were transformed in T. thermophilus by incubating 20 μg of plasmid DNA to 500 μl of T. thermophilus culture in 10 ml breather tubes for four hours at 70°C, 200 rpm. Cultures were plated on Thermus broth media (TBM) agar (Koyama et al., 1986; Averhoff, 2006) with 30 μg/ml kanamycin. Plates were incubated at 70°C overnight. Colonies were picked and grown overnight in TBM supplemented with 30 μg/ml kanamycin at 70°C and 200 rpm. Negative controls of T. thermophilus with an empty pBBTth plasmid, and without a plasmid were also set up (without kanamycin added where no plasmid was used).
Promoter Characterisation
Overnight cultures of T. thermophilus transformed with plasmids for the expression of sfGFP from the range of promoters were set up in TBM as standard. Minimal media cultures were inoculated with 500 μl of the overnight culture in 30 ml minimal media with 30 μg/ml kanamycin. Cultures were incubated at 60°C, 200 rpm. 200 μl samples were taken in triplicate into a 96-well microtiter plate for OD600 nm and fluorescence readings taken using an M200 Pro plate reader (Tecan, Mannedorf, and Switzerland). At approximately OD600 nm 0.15 the population average sfGFP expression was determined allowing the quantification of the gene expression from each promoter. Fluorescence settings were as follows: Excitation wavelength 450 nm, excitation bandwidth 9 nm, emission wavelength 508 nm, emission bandwidth 20 nm, gain 120, 10 flashes, 10 μs integration time, lag time 0 μs, settle time 0 μs, and an automatically calculated Z-position of 18 268 μm. Population average GFP fluorescence was calculated (blank subtracted fluorescence divided by blank subtracted OD600 nm). Standard deviations for each reading were combined and shown as error bars.
Expression
A single colony of T. thermophilus HB27 containing pBBTTh-cDPG was inoculated into 5 ml TBM supplemented with 30 μg/ml kanamycin and cultured at 65°C, 200 rpm, for 16 h. This seed culture was transferred to 50 ml TBM in a 250 ml baffled flask and grown for up to 48 h at 65°C, 200 rpm, and growth followed using OD600 nm. Samples from the expression culture were taken every 4 h for measurement of the OD. After 24 h samples were taken for SDS-PAGE and Western blot analysis. The SDS-PAGE gel was run on ExpressPAGE or SurePAGE™ (Genscript) Bis-Tris 4–20% gels at 140 V for 50 min. Gels were blotted onto an Amersham™ Protan™ 0.45 µM nitrocellulose membrane (GE Healthcare) with a Thermo Scientific™ Pierce™ G2 Fast Blotter. The Western blot was performed using a iBind system (Thermo Fischer, Waltam, MA, United States ) using a mouse Anti-His Tag (Sigma-Aldritch, St Louis, MI, United States #05–949) primary antibody at a 1:1,000 dilution and goat Anti-Mouse IRDye 680RD (Li-cor, Lincon, NE, United States , #926–68070) secondary antibody at a 1:2000 dilution. Either Spectra™ Multicolor Broad Range Protein Ladder (4–225 kDa; Thermo #11842124) or Blue Plus® IV Protein Marker (10–180 kDa; Generon, Slough, United Kingdom) was used for these analyses.
Growth Assays
T. thermophilus starter cultures were grown in 5 ml of TBM media (supplemented with 30 μg/ml kanamycin where appropriate) and shaken at 180 r.p.m. overnight at 65°C. Cells were diluted in fresh TBM to an optical density (OD)600 nm of 1.9. From these cultures, lower initial density populations were appropriately diluted with media in a 1:1000 ratio.
Experiments were performed in triplicates using 50 ml Falcon tubes filled with 5 ml of media supplemented with 30 μg/ml kanamycin and/or 150 mM or 300 mM NaCl were appropriate. Cultures were incubated at 65°C at 180 rpm with an incline of 45°. Growth curves were recorded by measuring the OD600 nm over a 24 h period.
Growth curve parameters were estimated as described by Reding-Roman and colleagues except they used c.f.u. instead of OD to measure population density (N) from growth data using the logistic equation:
[image: image]
where N(t) is density at time t and L is lag and denotes the time taken to reach the mid-point of the sigmoid. K is the carrying capacity and r is the growth rate (Reding-Roman et al., 2017).
Statistical tests and data analysis were performed using Graphpad prism v9.2. The parameters associated with the logistic equation were estimated by fitting the equation to growth data using the Nonlinear fit option in Graphpad prism v9.2. Growth curve comparisons were performed with an ordinary one-way ANOVA. Multiple comparisons were made with general linear models (GLMs) with post-hoc Tukey multi-comparison of means (honest significant differences method).
Extraction Protocol From Whole Thermus thermophilus Cells
500 μl samples were taken in triplicate at different time points (2 h/4 h/8 h/16 h/24 h). These were freeze-thawed three times (−20–60°C) and added to 1 ml of ice-cold acetonitrile. Samples were incubated for 10 min on ice and then centrifuged at a maximum speed of 16 000 g for 10 min. The supernatant was collected and transferred into a HPLC vial. Samples were kept at 4°C and analysed by HPLC within 24 h.
LC-QTOF-MS Polar Metabolite Profiling
Metabolite profiling was performed using a QToF 6,520 Mass spectrometer (Agilent Technologies, Palo Alto, United States) coupled to a 1,200 series Rapid Resolution HPLC system. 5 µl of sample extract was loaded onto an Agilent Infinity Lab Poroshell 120 HILIC-Z 2.7 µm, 2.1 × 250 mm analytical column. For detection using negative ion mode, mobile phase A comprised 100% water with 10 mM ammonium acetate and 5 µM medronic acid and mobile phase B was 90% (v/v) acetonitrile with 10 mM ammonium acetate and 5 µM medronic acid. All solvents were of LC-MS grade.
The following gradient was used: 0 min–95% B; 5 min–65% B; 10 min–50% B; 11 min–95% B; 15 min–95% B followed by 1 min post time. The flow rate was 0.25 ml min−1 and the column temperature was held at 25°C for the duration. The source conditions for electrospray ionisation were as follows: gas temperature was 325°C with a drying gas flow rate of 9 L min−1 and a nebuliser pressure of 35 psi. The capillary voltage was 3.5 kV, the fragmentor voltage was 115 V and skimmer 70 V. Scanning was performed using the auto MS/MS function at 5 scans sec−1 for precursor ion surveying and 4 scans sec−1 for MS/MS, with a sloped collision energy of 3.5 V/100 Da with an offset of 5 V.
Data Analysis
MassHunter qualitative analysis (version B.07.00) was used to identify potentially interesting compounds with similar masses to the sugar phosphate of interest and consistent fragmentation profile (Supplementary Figure S5). MassHunter quantitative analysis (version B.07.01) was used to compare compounds (peak areas) between samples.
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