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INTRODUCTION 

In order to decelerate global warming and reduce carbon dioxide emissions, alternatives for 

fossil fuels are required (Höök and Tang, 2013). Possible alternatives have been searched 

from biofuel production (Chandra et al., 2012; Jang et al., 2012), in which energy is produced 

by microbes from organic carbon sources. (Ferry, 2011; Jang et al., 2012; Welte and 

Deppenmeier, 2014). One of the possible solutions is methane produced from biological 

waste (Ferry, 2011; Chandra et al., 2012). Methanogens, anaerobic methane producing 

microorganisms (mainly archaea), among other microbes have been utilised to convert 

biomass such as organic waste and sewage from municipal water treatment to methane 

(biomethanation) (Ferry, 2011; Chandra et al., 2012). Recently, the methanogenic archaea’s 

potential to be modified to become efficient biofuel producers has been acknowledged 

(Ferry, 2011, 2020; De Vrieze et al., 2012; Enzmann et al., 2018) and their utilisation of 

acetate in methane production has become an interest (Welte and Deppenmeier, 2014; 

Enzmann et al., 2018), as almost 70 % of the naturally derived methane comes from acetate 

(Liu and Whitman, 2008). Utilisation of acetate as a substrate in the methanogenesis is very 

energy efficient (Thauer et al., 2008; Ferry, 2011; Welte and Deppenmeier, 2014) and 

possible modifications in methanogenic archaea’s metabolism could enable more energy 

and cost efficient biogas (methane) production to compete against fossil fuels (Ferry, 2011; 

De Vrieze et al., 2012; Enzmann et al., 2018). 

All methanogenic archaea produce methane. In methane production, four different 

methanogenic pathways are known: hydrogenotrophic, methyl reduction, methylotrophic 

reduction and aceticlastic pathway (fig. 1) (Thauer, 1998; Mand and Metcalf, 2019). Some 

methanogens only use one pathway while others can switch between multiple pathways 

(Thauer et al., 2008). Only two genera of methanogenic archaea are known to be able to 

utilise the aceticlastic pathway and acetate in methane production (Mand and Metcalf, 

2019). One of them is Methanosarcina (Mand and Metcalf, 2019). Methanosarcina’s ability 

to utilise all four methanogenic pathways (fig. 1) enables the utilisation of various different 

substrates, such as methanol, methyl-amines, methyl-sulphides, carbon dioxide and acetate 

as their carbon and energy source in methanogenesis (Thauer et al., 2008; Mand and 

Metcalf, 2019). Furthermore, Methanosarcina are utilised as a model organism for 

aceticlastic methanogenesis (Satish Kumar et al., 2011; Ferry, 2020). Biochemistry, such as 

enzyme utilisation, electron transportation routes and genetics of the aceticlastic pathway 

are well understood (Thauer, 1998; Ferry, 2011; Mand and Metcalf, 2019). However, 
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understanding more about the regulatory mechanism of aceticlastic pathway as well the 

acetate stress responses is needed (Ferry, 2011) to enable the genetic modifications of 

Methanosarcina stains in order to tolerate acetate stress conditions better and enhance the 

energy efficiency and economic feasibility of methane production (Ferry, 2011; Enzmann et 

al., 2018). 

An interesting feature of Methanosarcina and a great target to study the regulation of acetate 

utilisation is a long lag phase in growth, around 25 days, after changing growth substrate 

from methanol to sodium acetate (Hutten et al., 1980; Zinder and Elias, 1985; Bose et al., 

2006; He et al., 2019). The doubling time of Methanosarcina is approximately 10 - 24 hours, 

though it variates according to the strain and utilised substrate (Anderson et al., 2003; 

Thauer et al., 2008). Although, the lag phase phenomenon was observed already in year 

1978 by Smith and Mah in Methanosarcina barkeri (Smith and Mah, 1978), its regulation 

and biological relevance in Methanosarcina is still mostly unknown. In the substrate shift 

from methanol to acetate the utilisation of methylotrophic and methyl reduction pathways 

shifts to aceticlastic pathway (fig. 1) (Jablonski et al., 1990; Li et al., 2005; Ferry, 2011), 

while presence of acetate and lowered pH-level induce a stress reaction in cells (He et al., 

2019). In studies comparing the differences between proteomes of methanol and acetate 

grown Methanosarcina acetivorans, a greater amount of stress related proteins have been 

active during acetate utilisation (Li et al., 2005, 2007) and expression of different, assumably 

regulatory, genes suggests more complex regulation in acetate than in methanol utilisation 

(Li et al., 2005). The regulation and the potential stress response to acetate during the lag 

phase after the shift from methanol to acetate is poorly understood. As an aim to identify the 

active regulative proteins during the lag phase and potentially in the beginning of acetate 

utilisation, the initiation period of protein synthesis after the substrate shift must be known 

first. 



5 
 

 

Figure 1. The simplified metabolic pathways of Methanosarcina illustrated. The 

electron transfers are not included. Illustration is replicated according to the figures made 

by Galagan et al. (Galagan et al., 2002) and Mand and Metcalf (Mand and Metcalf, 2019). 

The figure was created with BioRender.com. 

The aim of this study was to determine the initiation period of protein synthesis after 

substrate shift from methanol to acetate, and to utilise the bioorthogonal non-canonical 

amino acid tagging (BONCAT) (Dieterich et al., 2006) together with copper catalysed click 

chemistry (fig. 2) (Landgraf et al. 2015) in the detection of active protein synthesis after the 

substrate shift. Instead of stable and radioactive isotope labelling, BONCAT was utilised in 

the experiments as it is a safe and cheap method which products are physiologically stable 

and it can be executed in basic molecular biology laboratory facilities (Dieterich et al., 2006; 

Hatzenpichler et al., 2014; Horisawa, 2014). In addition, BONCAT is a more precise method 

in the labelling newly synthetised proteins in smaller amounts and shorter time periods 

(Dieterich et al., 2006, 2007; Szychowski et al., 2010; Glenn et al., 2017) and the protein 

detection could be performed from an SDS-PAGE gel, instead of utilisation of mass 

spectrometry (Beynon and Pratt, 2005; Dieterich et al., 2006). 

In BONCAT methionine surrogates, L-Homopropargylglycine (HPG), are added to the 

growth medium and utilised by the cells in protein translation (Dieterich et al., 2006, 2007). 

Methionine surrogates are utilised in protein translation, thus translated proteins are labelled 

(newly synthetised proteins) (Dieterich et al., 2006, 2007; Landgraf et al. 2015). Later, the 
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labelled proteins are tagged with detectable probes or fluorescent dye via copper catalysed 

click chemistry (fig. 2) (Best, 2009; Liang and Astruc, 2011). BONCAT and copper catalysed 

click chemistry have been previously utilised with mammalian (Dieterich et al., 2006) and 

plant cells (Glenn et al., 2017) as well as with bacterium (Mahdavi et al., 2014; Babin et al., 

2016; Valentini et al., 2020) and archaea (Hatzenpichler et al., 2014, 2016) in identification 

of newly synthetised proteins and metabolically active cell visualisation. 

 

Figure 2. Copper catalysed click chemistry reaction illustrated. In copper catalysed 

click chemistry reactions, proteins labelled with methionine surrogates carrying alkyne (1) 

are tagged with azide bearing fluorescent dye or detectable probe in click reaction (2-3) 

catalysed by copper. In the reaction azide and alkyne bind covalently together in 

cycloaddition reaction (3) (Best, 2009; Landgraf et al. 2015). The figure was created with 

BioRender.com. 

 

MATERIALS AND METHODS 

Archaea growth conditions 

Cultures of M. acetivorans (WWM73) and M. barkeri (WWM155) (Guss et al., 2008) were 

cultivated under anaerobic conditions (CO2:N2, 20:80, (v/v)) in high salt (HS) medium 

prepared according to a protocol by Sowers et al. (Sowers et al., 1993) in which resazurin 

(0,001 % (w/v)) was utilised as an oxygen indicator, as it changes from transparent (anoxic) 

to pink in the presence of oxygen (Wagner et al., 2019). The HS-medium was transformed 

into anaerobic by sparging with continuous flow of CO2:N2, (20:80, (v/v)) until the medium 
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changed from pink to colourless (Sowers et al., 1993; Wagner et al., 2019). Methanol 

(99,8%) in a final concentration of 125 mM was added as the carbon and energy source 

(Rother and Metcalf, 2004) and cultures were cultivated in anaerobic culture tubes at 37 ºC 

without agitation. Steps of the experiments which required anaerobic conditions, were 

performed in an anaerobic chamber (N2:CO2:H2, 75:20:5, (v/v)). 

Cell growth was monitored with optical density (OD600) measurements (BioPhotometer plus, 

Eppendorf). Before every measurement, cultivation tubes were inverted three times and a 

separate (1 ml) sample was taken from the culture using a needle and syringe to avoid 

contact with oxygen with the remaining culture. Before the OD measurement, 0.01 – 0.05 

mg sodium dithionite was added to the sample, to reduce redox potential and retain the 

sample’s oxygen indicator colourless for the duration of the measurement (Wagner et al., 

2019). 

 

M. acetivorans substrate shift experiment  

On the first day of the experiment, M. acetivorans cultivated with methanol, as described, in 

stationary phase (OD600: 1.66), were washed with HS-medium (3,000 x g 5 min, 

resuspended to HS-medium and centrifuged again) under anaerobic conditions (fig. 3a). 

The cell pellet was dissolved into HS-medium and the carbon and energy source was 

changed to sodium acetate with a final concentration of 120 mM (Rother and Metcalf, 2004). 

Estimated OD600 was 0.40 in 206ml culture, cultivated in a 1000 ml bottle under anaerobic 

conditions as described. 

On the third day of incubation, to avoid labelling the proteins synthesised with potential 

methanol residue after the washing step, L-Homopropargylglycine (HPG) (Click Chemistry 

Tools, Phoenix, US), dissolved to HS-medium and final concentration calculated to 500 μM, 

was added to the culture (fig. 3a). Cultivation was carried out for 38 days, and (20 ml) 

samples, on different time points, were collected. Samples were collected more frequently 

after day 24, when cell growth could be observed. 

The time point samples were pelleted (centrifugation 3,000 x g, 5 min) under aerobic 

conditions, after which the pellet and the supernatant were retained in separate eppendorf 

tubes at -20 ºC for further analysis. 
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M. barkeri substrate shift experiment   

On the first day of substrate switch experiment performed with M. barkeri, methanol 

cultivated cells in exponential growth phase (OD600: 0.37) were washed and dissolved to 

HS-medium (fig. 3b), as described with M. acetivorans. The growth substrate was changed 

from methanol to sodium acetate as described above. The cell suspension was 

concentrated and divided into four separate vials (5 ml each) with estimated OD600 1.12, to 

increase the total protein amount in detection. HPG was added to three vials on the third 

day of incubation, as described above, yet in final concentration of 1 mM, to improve the 

detection of fluorescent tagged proteins. Cell growth was determined and samples (4 ml) 

were harvested, as described above, on different timepoints. 

 

Figure 3. Stages of the experiments. The experiments were performed with M. 

acetivorans (a) and M. barkeri (b). Growth substrate and added HPG are marked with green. 

The figure was created with BioRender.com. 
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Tagging newly synthetised proteins with fluorescent dye via click chemistry  

Under aerobic conditions, the pellet from the substrate shift experiments performed with M. 

acetivorans was resuspended to 400 μl lysis-buffer 100 mM Tris·HCl, with 1% SDS (w/v), 

pH 8, and lysed with heating 65 ºC for 5 min. Centrifugation (3,000 x g for 5 min) was 

performed to remove pelleted cell debris. The soluble fractions (400 μl) were split into two 

halves and transported to new tubes. The other half of the protein samples (200 μl) were 

retained at -20 ºC for further analysis (fig. 3). 

The study with M. acetivorans was continued with the other half of the protein samples (200 

μl) where newly synthetised proteins labelled with HPG were tagged with fluorescent dye 

via a copper catalysed click reaction, following protocol by Babin et al. (Babin et al., 2016) 

with a few alterations. Fluorescent dye, picolyl azide (488 picolyl azide (Click Chemistry 

Tools, Phoenix, US) was diluted to ddH2O and used in the click reaction in a final 

concentration of 5 μM. Samples with click chemistry reagents were mixed gently and 

incubated for 15 min at 20 ºC or alternatively overnight at 4 ºC, in dark. As a control, the 

click reaction was also performed with M. acetivorans cultured with methanol without HPG, 

to confirm the success of the tagging. After the incubation, proteins were precipitated (see 

below). 

Pelleted samples from the substrate switch experiment performed with M. barkeri, were 

lysed with (200 μl) lysis buffer as described above and soluble fractions were divided into 

two halves and transferred into new eppendorf tubes. The study was continued to the click 

chemistry reaction with picolyl azide as described above with the half of the samples (100 

μl) and another half of the samples (100 μl) were retained at -20 ºC for further analysis (fig. 

3). In the click chemistry reaction, methanol cultured M. barkeri, without added HPG was 

utilised as a control. 

 

Tagging newly synthetised proteins with biotin tag via click chemistry 

The other half of the protein samples (200 μl) from the experiment performed with M. 

acetivorans were thawed and analysed via click chemistry, yet HPG labelled proteins were 

tagged with a biotin tag. Click chemistry was performed as described above, but instead of 

fluorescent dye, biotin tag, biotin azide (PEG4 carboxamide-6-Azidohexanyl Biotin (Click 

Chemistry Tools, Phoenix, US)) was used in the click reaction with a final concentration of 
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5 μM. After the click reaction, the biotin tagged protein samples were precipitated (see 

below). 

The other half of the protein samples (100 μl) from the experiment performed with M. barkeri 

were thawed and analysed via click chemistry with biotin tag as described above. 

 

Protein precipitation 

Residual fluorescent dye and biotin tag from M. acetivorans and M. barkeri substrate shift 

samples, were removed after the click reaction with methanol-chloroform precipitation. 

Methanol-chloroform precipitation was performed following protocol by Wessel and Flügge 

(Wessel and Flügge, 1984) with a few modifications; to a sample of 100 μl: 400 μl methanol, 

100 μl chloroform and 300 μl water, were all added separately and vortexed rigorously after 

each addition. The first centrifugation (14,000 x g, 1 min) was performed after addition of 

water. After drying precipitated protein pellet under vacuum for 5 to 10 min, proteins were 

resuspended to 4x SDS sample buffer (supporting information) with freshly added 

dithiothreitol to 200 mM (Hatzenpichler et al., 2014) and heated (65 ºC for 5 min) to enforce 

final denaturation of protein structures. All samples were run on sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). 

 

Protein gel run  

Precipitated protein samples were run on self-casted SDS-PAGE (10 % (v/v) acrylamide), 

to detect newly synthetised proteins tagged with fluorescent dye. SDS-PAGE was run with 

ongoing voltage of 110 V for 1.5 h, with protein size standard (Precision Plus Protein™ Dual 

Color Standards, Biorad). 

 

Treatment of protein gel with fluorescent dye and detection 

After run, the protein gel was blocked with acetate (98.9 %) : methanol (99 %) : water (1:4:5) 

for 20 min shaking (Hatzenpichler et al., 2014). After blocking, the gel was washed with 

water twice for 5 min. Fluorescent dye tagged proteins were detected from the gel with Alexa 

Fluor 488 nm setting (ChemiDoc™ Touch Imaging System, Biorad). 
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After fluorescent dye detection, the gel was incubated with Coomassie Blue stain covering 

the gel, for 1 h at 20 ºC shaking. The stain was removed, and Coomassie Blue de-stain 

solution was added on the gel, covering the gel, and incubated for 2-3 hours shaking and 

rinsed with water. Total protein amounts were detected from the blocked gels with 

Coomassie blue setting (ChemiDoc™ Touch Imaging System, Biorad). 

 

Immunoblotting assay with biotin tag and detection 

The biotin tagged proteins from the gel were transferred to membrane via Western Blot, by 

using 25 V, 1 A, 30 min (Biorad). The membrane was blocked with 3 % (w/v) milk (skimmed 

milk powder, Valio) in 1xTris-Buffered Saline, 0.1 % Tween® (TBST), pH 7.4, and washed 

with 1xTBST twice. The membrane was incubated with horseradish peroxidase (HRP) 

conjugated streptavidin (Iba Lifesciences, Germany) diluted with 1xTBST to ratio of 

1:100000, shaking at 4 ºC in dark overnight. After incubation, the membrane was washed 

1xTBST for 10 min with agitation, before protein detection. 

Biotin tagged proteins were detected from membrane with chemiluminescence 

(ChemiDoc™ Touch Imaging System, Biorad). A chemiluminescence detection kit 

(SuperSignal™ West Femto Maximum Sensitivity Substrate, Thermo Scientific) was used 

according to its instructions, to enhance the chemiluminescence on the membrane. 

After protein detection, total protein amounts on the membrane were checked with Ponceau 

S (Sigma-Aldrich) staining, that stains all proteins on a membrane. The membrane was 

covered with Ponceau S and incubated for 10 min in 20 ºC, with gentle agitation. The 

membrane was washed with water for 45 min shaking smoothly, after washing the proteins 

were detected by eye. 

 

NMR spectroscopy 

Supernatant from the substrate switch performed with M. acetivorans and M. barkeri were 

prepared identically for nuclear magnetic resonance (NMR) spectroscopy. Supernatant 

samples were thawed in 20 ºC and analysed separately. 150 μl of sample was taken into 

new centrifugation tube and centrifuged (3,000 x g, 5 min), to remove any remains of the 

cell pellet. 70 μl of supernatant was pipetted carefully from the surface and infused with 7 μl 

of 1 % (v/v) dioxane in deuterium oxide and 623 μl deuterium oxide. The solution was 
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transferred to an NMR-tube and analysed with NMR spectroscopy (Bruker NMR 

Spectrometer AV III 400), with 1 dimensional 1H water suppression, in 400 MHz with 

observation frequency set to 4 s, transmitter offset positioned to 4.7 ppm. NMR spectrum 

was analysed with iNMR (version 6.2.1 for windows, Mestrelab Research 2019). Acetate 

concentrations were calculated from integrals of spectrum according to comparable 

concentration of dioxane, which was set as a constant (table S1 and S2). 

 

RESULTS  

Before the substrate shift experiments, the concentrations of utilised HPG in BONCAT (fig. 

S1a) and fluorescent dye in click chemistry reaction (fig. S1b) were optimised with M. 

acetivorans. In addition, possible effects of HPG in cell growth were tested with M. 

acetivorans (fig. S2), which were not observed. 

 

Definition of protein synthesis initiation period after substrate shift with M. 

acetivorans 

The initiation point of protein synthesis after substrate shift was determined first with M. 

acetivorans. After changing the growth substrate from methanol to acetate, newly 

synthetised proteins were labelled with HPG and later tagged with fluorescent dye via click 

chemistry reaction (Beatty et al., 2005; Dieterich et al., 2006). After the click reaction the 

proteins were detected. 

The detection of fluorescent tagged proteins from the gel (fig. 4a) revealed active protein 

synthesis from timepoint 24 d onwards, where newly synthetised proteins could be observed 

equally. Fine fluorescent protein bands could be observed on the second timepoint (17 d) 

as well, yet in the first (10 d) sample the observation was not possible. The patterns of 

observed fluorescent protein bands are similar together with all the samples from the second 

(17 d) sample onwards. The first (10 d) sample resembled the control cultured without added 

HPG. 
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Figure 3. Detection of newly synthetised proteins and total protein amounts. Newly 

synthetised proteins tagged with fluorescent dye (upper detections) and all proteins stained 

with Coomassie blue (lower detections) detected from SDS-gel in substrate shift 

experiments performed with M. acetivorans (a) and with M. barkeri (b). Fluorescent protein 

detection (right) and Coomassie blue stained protein detection (left) from the experiment 

performed with M. acetivorans compared together at timepoint 24 (c) and detections from 

the experiment performed with M. barkeri compared together at timepoint 9 (d). The C* 

marks control, taken from separate M. acetivorans culture in stationary growth phase 

(cultured 10 days) without added HPG. * = no HPG in this timepoint sample, used as a 

control. Bright fluorescent bands in the bottom of fluorescent tagged protein detections are 
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presumably residue fluorescent dye which has remained unbound. Protein size standards 

were not possible to detect together with fluorescent dye tagged proteins. 

Total protein amounts of the samples were examined with Coomassie blue staining of 

proteins (fig. 4a). Total protein amounts per timepoint sample had little variation except the 

control and the first (10 d) sample, in which both the total protein amounts were visibly 

smaller, and bands were vague (fig. 4a). Otherwise from timepoint sample 17 d onwards the 

patterns of detectable protein clusters resembled each other. The detectable total protein 

amounts were low in control. 

The differences between the protein patterns in the detections of newly synthetised proteins 

and total protein amounts were observed (fig. 4c). A difference in size range below 37 kDa 

could be observed, where a protein band could be observed from the fluorescent protein 

detection, but not in the Coomassie blue detection. Otherwise, Coomassie blue stained and 

fluorescent tagged proteins have protein bands around the same sizes, though Coomassie 

blue signals are stronger partially. The differences were compared with the timepoint sample 

24 d, as the both detections on that timepoint are clear. The observations are competent 

with the second (17 d) timepoint onwards, as the patterns are similar with the samples in 

both detections (fig. 4). 

In conclusion, it remains unclear whether the protein synthesis begun before the first 

timepoint (10 d) or between the first and the second (17 d) sampling points.  

 

Definition of protein synthesis initiation period after substrate shift with M. barkeri 

Based on the results from the experiment performed with M. acetivorans and with the 

assumption that the substrate shift timing would resemble the substrate shift in M. barkeri, I 

concentrated more on the timepoints around day 10. 

Modifications to the HPG (1 mM) concentration and starting cell density (OD600 ≈ 1.12) were 

made for the experiment, as the detection of the timepoint 10 d in the experiment performed 

with M. acetivorans was not possible (fig. 4a) and cell density was observed to decrease in 

the beginning of the experiment (fig. 5a). In the experiment with M. barkeri the cultivation 

was divided into separate vials (fig. 3b). One of the cultivations without HPG harvested at 

the same time as the first timepoint (9 d) sample was utilised as a control. 
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Fluorescent tagged proteins could be observed in the two last timepoint samples (12 d and 

14 d) and dim protein bands could be distinguished at the first timepoint (9 d). The vague 

fluorescent band shown in the control became more visible when detection’s exposure time 

was increased, and the bands of samples with added HPG were overexpressed (data not 

shown). The detection of total protein amounts (fig. 4b) revealed little variation between 

samples, where the highest concentrations were on the first timepoint (9 d) sample and the 

control. 

Differences between the patterns of protein clusters in the gel detected via fluorescent tag 

and Coomassie blue staining were compared (fig. 4d). In the fluorescent tagged protein 

detection two vivid protein clusters could be observed in ~55 kDa and ~29 kDa which were 

challenging to detect from the detection total protein amounts. In addition, some of the 

protein bands in total protein amount detection could not be observed from the detection of 

newly synthetised proteins. 

As a conclusion, the clear fluorescent protein bands refer to active protein synthesis on day 

9, though the starting period of the protein synthesis remains unsolved, as the sampling was 

started on day 9 and results cannot be compared with earlier timepoints. 

 

Acetate utilisation and cell growth during substrate shift experiments 

Acetate utilisation was determined from M. acetivorans and M. barkeri cultivations. NMR 

results confirmed decrease in acetate concentration in both experiments (fig. 5). In the 

experiment performed with M. acetivorans acetate concentration decreased slightly together 

with cell amount, between the first two samples (table S1). Once cell growth was possible 

to detect, the decrease of acetate concentration was steeper (fig. 5a).  
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Figure 5. Acetate concentrations and cell growth. Acetate concentrations and optical 

density measurements from the experiments performed with M. acetivorans (a) and M. 

barkeri (b). The figure was created with GraphPad Prism. 

In the experiment performed with M. barkeri the same trend in the measurements of acetate 

concentrations and optical density levels as in the experiment with M. acetivorans could be 

observed (fig. 5b): the acetate concentration slowly decreased after every time point (table 

S2) while the overall cell density decreased, though a small increase in cell density could be 

detected between the first and the second sample. 

 

Definition of protein synthesis initiation period after substrate shift with 

immunoblotting 

As I was able to detect the newly synthetised proteins with the fluorescent tag in the previous 

experiments, next steps would be isolation of newly synthetised proteins from the protein 

samples for identification. This would help to understand the regulation and biological 

relevance of the substrate shift. The efficiency of click chemistry reaction with biotin tag was 

tested and analysed first via immunoblotting, as purification of newly synthetised proteins 

could be potentially performed with a utilisation of streptavidin beads (Rybak et al., 2004; 

Cheah and Yamada, 2017), if the tag added in click chemistry reaction could be changed 

from fluorescent dye to biotin tag.  

Other halves of the timepoint samples from the experiments performed with M. acetivorans 

and M. barkeri were analysed via copper catalysed click chemistry and tagged with biotin 

(fig. 3). After the Western blots the ladders were detected by eye from the membranes in 



17 
 

both experiments (data not shown). In the case of successful utilisation of biotin tag and 

immunoblotting, similar protein patterns as observed in the gel detections of fluorescent 

proteins (fig. 4) were expected to be seen on membranes. However, biotin tagged protein 

detection (fig. 6) revealed a possible problem in the immunoblotting protocol, as in both 

experiments, biotin detected via the streptavidin-HRP seemed to be clustered around 30 

kDa, as well as in the control. 

The SDS-PAGE and immunoblotting were repeated once with the remains of the click 

chemistry analysed biotin tagged protein samples from previous experiments mentioned 

above, to rule out the human error. However, results remained the same (data not shown). 

Clear protein bands could not be detected.  

 

Figure 6. Detections of membranes via HRP-conjugated Streptavidin. Membrane 

detections from the experiments performed with M. acetivorans (a) and with M. barkeri (b). 

C* marks control, taken from other M. acetivorans culture in stationary growth phase 

(cultured 10 days) without added HPG. * = no added HPG in this timepoint sample, used as 

a control. 

Both membranes were stained with Ponceau S stain, to see total protein amounts on the 

membranes, which was expected to resemble the Coomassie blue stains (fig. 4). In both 

experiments, proteins could not be detected on the membranes (data not shown). The 

results indicate a potential problem in Western blot or biotin tag utilisation in the click 

chemistry reaction. 
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DISCUSSION  

The aim of the study was to roughly determine the time frames for the initiation periods of 

protein syntheses in M. acetivorans and M. barkeri after substrate shift from methanol to 

acetate. Results from the experiments performed with M. acetivorans and M. barkeri cannot 

be compared, as the regulation between the species might differ and the performed 

experiments have different cultivation conditions (fig. 1). Rough estimations of the protein 

syntheses’ initiation periods were possible to obtain with the information received from the 

experiments. However, the results remain as estimations of potential initiation periods of 

protein syntheses, as the experiments were not repeated due to tight time frame. Moreover, 

I was able to test two different experimental set-ups for further investigation and discover 

that BONCAT and click chemistry reaction functioned well in the experimental set-ups. 

 

The final determination of initiation periods of protein syntheses 

Even though, the starting phase of protein synthesis in the experiment performed with M. 

acetivorans remained unsolved, the observed decrease in acetate concentration (fig. 5a) 

refers to potential protein synthesis between the first (10 d) and the second (17 d) timepoints, 

although the decrease is small (table S1) and potential human error in the integral 

measurements could not be ruled out. However, with the gained results, the initiation period 

of protein synthesis could be estimated to be before or around day 17. 

The results from the experiment performed with M. barkeri indicated that proteins are 

synthetised already between day 3, when HPG was added, and the first timepoint (9 d) 

sample. The acetate concentration decreases between the first and the second (12 d) 

timepoints, yet without the measured acetate concentration from the starting point of the 

experimental cultivation the utilisation of acetate cannot be determined at the first timepoint. 

In the comparison of patterns of the protein bands in the detections of newly synthetised 

proteins and total protein amounts, some differences were possible to notice. The bands not 

seen in fluorescence staining indicate presence of proteins in the sample, before the newly 

synthetised proteins. However the reasoning why some observed fluorescence bands were 

not seen on the Coomassie blue stained protein detection, could be the high precision in the 

detection of fluorescence tagged proteins, in which the Coomassie blue staining does not 

reach. 
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A surprising observation in both experiments was the utilisation of acetate detected already 

in between the first two sampling days (fig. 5). The observed decrease in acetate 

concentration indicates the possibility of utilisation of aceticlastic pathway, during the 

adjustment to the growth conditions. This would be earlier than assumed, as hypothesis was 

that acetate utilisation would start around similar time with the cell growth. Though, it is not 

certain if the cellular energy is obtained from acetate utilisation as the regulation after 

substrate shift remains still unclear and acetate might be degraded to increase the pH into 

a more optimal level (He et al., 2019). In further investigations, it would be interesting to 

observe the pH-levels and methane volume of cultures at the same timepoints as the 

samples are taken, as the pH-level might correlate with cell density and the acetate stress 

(Hutten et al., 1980; He et al., 2019) and production of methane would indicate the utilisation 

of aceticlastic pathway (Hutten et al., 1980; Zinder and Elias, 1985). 

In both experiments, cell densities decreased after substrate shift (fig. 5). The small peak 

observed in cell density of M. barkeri (fig. 5b), could be caused by human error and results 

should be repeated. Otherwise, the cell density measurements are in line with previous 

studies of the acetate stress which induces the decrease of cell amount (He et al., 2019). 

Approximately the highest optical density level the acetate grown cells can reach is 0.5 

(OD600) (Rother and Metcalf, 2004). In further investigations the utilisation of high cell density 

around 0.5, at the starting point of the experiment would make the detection of fluorescent 

tagged proteins from the gel easier (fig. 4), as cell density is observed to decrease in the 

beginning of the experiments (fig. 5). The concentrated cell density (OD600 ≈ 1.2) in the 

experiment performed with M. barkeri could be utilised as well, yet the cell density seems to 

decrease under 0.3 despite the cell amount in the beginning.  

In both experiments the potential rough time frames for the beginning of protein syntheses 

were observed earlier than expected, as the hypothesis was that due to the long lag period 

(Mah et al., 1978)  the addition of acetate would cause in Methanosarcina prolonged “shock” 

without active protein synthesis, after which the adjustment would begin. The potentially 

earlier initiation of protein synthesis indicates adjustment to the growth conditions, to new 

growth substrate and assumably to decreased pH-level (He et al., 2019), which are rather 

usual responses to new growth and stress conditions for microorganisms in general (Hamill 

et al., 2020).  
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BONCAT and utilisation of HPG 

In the experiments utilised methionine surrogate bearing alkyne (HPG), was later tagged 

with azide bearing tag. HPG was chosen to be applied as growth conditions of M. 

acetivorans and M. barkeri are preferably acidophilic (Sowers et al., 1984, 1993) and other 

potential noncanonical amino acid, azidohomoalanine, was more likely to be unstable and 

lose the azide structure in low pH-conditions (Hatzenpichler and Orphan, 2015). 

Furthermore, HPG has previously been utilised with archaeal cultures successfully in 

BONCAT (Hatzenpichler et al., 2016), though not with M. acetivorans or M. barkeri. 

Overall utilisation of BONCAT and labelling newly synthetised proteins with HPG functioned 

as excepted. BONCAT is easy and quick method to detect newly synthetised proteins in M. 

acetivorans and M. barkeri. Both utilised Methanosarcina sp. exploited the added HPG (in 

different concentrations) in their protein syntheses and the newly synthetised proteins were 

possible to detect via fluorescent dye (fig. 4), however the higher concentration of HPG (1 

mM) seems to ease the detection of lower amounts of newly synthetised proteins (fig. S1). 

Therefore, utilisation of higher concentration of HPG might help as well with the detection of 

the newly synthetised proteins around day 10 in further experiments performed with M. 

acetivorans. 

However, the potential problems in utilisation of HPG are good to acknowledge. Even though 

the differences were not observed in the cell growth with and without HPG (fig. S2), HPG 

could interfere with the cell metabolism (Steward et al., 2020). Moreover, the interference 

might be more robust in stress conditions (Steward et al., 2020). For this reason, in further 

investigations, the results gained from BONCAT and click chemistry should be compared 

with results gained via different method such as stable isotope labelling. 

 

Potential problems in the utilisation of biotin tag  

The approaches to utilise the biotin azide as a tag in copper catalysed click chemistry were 

unsuccessful, as biotin tagged proteins on membrane did not resemble the results 

consistently gained from detection of fluorescent dye tagged proteins on the gels (fig. 4). 

The only change made in click chemistry protocols in the experiments performed with M. 

acetivorans and M. barkeri, was the utilisation of biotin azide instead of fluorescent dye 

azide. 
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The most feasible explanation for the detected accumulated proteins on the membranes is 

the probable presence of biotin utilising enzymes in the treated samples. Most likely the 

protein samples contain enzymes which utilise biotin as a cofactor, like biotin-dependent 

pyruvate carboxylases, which are produced by both M. acetivorans and M. barkeri (Lombard 

and Moreira, 2011; Sirithanakorn and Cronan, 2021). The cell lysis and inactivation of 

proteins with applied lysis buffer and performed heat shock might not have completely 

deactivated the proteins (Harder et al., 1999). Therefore, the applied biotin azide could have 

interacted with proteins in cell lysate and has been utilised as a cofactor, as well in the 

control samples, and caused accumulation. Assumably, proteins with biotin azide as a 

cofactor and HPG-labelled proteins have formed bonds in click chemistry reaction, that has 

induced the accumulation of proteins which can later be observed from the membranes (fig. 

6). 

However, the results from Ponceau S staining do not support the theory mentioned above, 

as stained proteins were not possible to detect from membranes in similar clusters in the 

streptavidin-HRP detections. The Ponceau S stain is precise staining method, which should 

have detected all proteins from membranes (Sander et al. 2019). Reasons for the 

unsuccessful staining of proteins could be the possible expiration of the used stain or human 

error in the performed staining. Yet, one possibility is that proteins are missing from the 

membrane and the signals seen in the streptavidin-HRP detections are unspecific and 

protein precipitation has failed and there are no proteins left in the samples. 

As a conclusion, the reason for the results from immunoblotting experiments remain 

unknown due to the time limitations, and more investigation is required. In the future, 

utilisation of positive controls such as a sample without added biotin azide, a sample in which 

the protein precipitation is not performed and to test possible problems with a methionine 

surrogate: a sample without added HPG. Additionally, other alternatives for biotin azide and 

purification via streptavidin beads could be the enrichment of labelled proteins together with 

liquid chromatography - mass spectrometry, in which the biotin tag is no longer required 

(Hahne et al., 2013; Smits et al., 2016). 

 

Potential research improvements 

From the obtained results, the potential time periods for the initiation of protein syntheses in 

M. acetivorans and M. barkeri can be estimated. However, for further observations and 
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conclusions clearer controls are required. Furthermore, some additions and changes in the 

experimental procedures would provide useful information. 

Firstly, a proper timepoint zero (0 d) control is required without added HPG. The timepoint 

zero control would provide information about the beginning state of total protein amount after 

substrate shift, and the specificity of click chemistry reaction could be confirmed. Secondly, 

cell amount should be normalised before analysing the samples, thus comparison of the 

timepoint results would be easier. Thirdly, even though, the potential further genetic 

modification of both utilised strains M. acetivorans WWM73 and M. barkeri WWM155 could 

be less complex as they both are carrying φC31 integrase gene which enables efficient 

chromosomal integration (Guss et al., 2008), wild types of both species should have been 

utilised as a control to observe possible differences. Already some differences in toxicity 

tolerance have been observed between the M. acetivorans WWM73 and its wild type (C2A) 

(Horne and Lessner, 2013). 

The optimal confirmation of the initiation period of protein synthesis would consist of the 

controls mentioned and from the timepoint samples harvested from the same culture with 

added HPG. In this scenario, the experiment should contain a time point sample, where the 

protein synthesis has not yet started, before a time point sample in which newly synthetised 

proteins are observed. In addition, total protein amounts of these two samples should be 

easy to detect and compare. If these results were replicated three times this would indicate 

that the initiation period of newly synthetised proteins could be in between of these 

mentioned timepoints. 

In conclusion, the results presented here offer a time frame for further research to study 

regulation of substrate shift and assist the next steps to identify regulatory proteins in the 

initiation period of substrate shift. With a wider knowledge of the regulatory proteins, 

Methanosarcina strains could be some day genetically modified to tolerate the stress 

conditions better and ultimately the efficiency of biofuel production could be improved 

significantly. 
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SUPPORTING INFORMATION 

MATERIALS AND METHODS 

Optimisation of BONCAT and copper catalysed click chemistry with M. acetivorans 

Different concentrations, 100 μM, 500 μM and 1 mM, of HPG (Click Chemistry Tools, 

Phoenix, US), calculated as final concentrations in HS-medium were added to separate M. 

acetivorans cultivations, in exponential growth phase grown with methanol as previously 

described. Cultivations with added HPG were carried out for five days and harvested (3,000 

x g, 5 min). Samples were analysed via copper catalysed click chemistry reaction, as 

previously described, with fluorescent dye in concentration of 5 μM. Analysis was continued 

to detection as described above, with exception of protein precipitation was not performed. 

Effect of HPG in growth of M. acetivorans was observed. M. acetivorans in exponential 

growth phase cultivated with methanol was divided in two vials and optical density (OD600) 

was reduced to 0.09 with addition of HS-medium. HPG (1 mM) was added to another vial. 

Cultivation was continued for two days, in which the optical density was measured each day, 

as describes previously. 

Concentrations, 5 μM, 2.5 μM and 1 μM, of picolyl azide (488 picolyl azide (Click Chemistry 

Tools, Phoenix, US) in click chemistry reaction were optimised with M. acetivorans, 

cultivated with methanol and added HPG (1 mM) for five days as previously described. M. 

acetivorans were harvested and divided for three different click reactions where mentioned 

concentrations of picolyl azide were utilised. Precipitation was performed and samples were 

analysed as described previously.  

 

RESULTS AND DISCUSSION 

Optimisation of BONCAT with M. acetivorans 

In the optimisation of HPG, sample with concentration of 1 mM HPG was most evident, while 

observation of sample with 500 μM HPG was clear as well (fig. s1a). Sample with 

concentration of 100 μM HPG was more challenging to distinguish clearly. Total amount of 

proteins indicated in HPG optimisation samples were same level. Sample without HPG 

utilised as a control confirmed successful click chemistry reaction. In the observations of 



32 
 

tagged proteins, residue picolyl azide caused problems with the sharpness of the picture as 

the precipitation was not performed. 

Figure S1. Optimisation results of HPG concentration and picolyl azide concentration. 

Detection of newly synthetised proteins tagged with fluorescent dye (upper gel detections) 

and total protein amounts (gel detections below). Over exposure in the bottom of the HPG 

optimisation gel (a) is excess picolyl azide. Excess picolyl azide was removed with protein 

precipitation in picolyl azide optimisation (b). Detection of protein size standard (on the left 

side of the gel) was not possible. 

 

Figure S2.  The growth curve of M. acetivorans cultivated with and without HPG. In 

both samples methanol was utilised as substrate. 

Differences between the growth of M. acetivorans with added HPG and without HPG were 

not noticed (fig. S2). Experiment was repeated twice (data not shown). 
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The highest concentration of picolyl azide, is easiest to detect (fig. S1b). The total protein 

amounts are approximately the same in all samples in picolyl azide optimisation. Although, 

some error might have taken a place during BONCAT experiment with sample of 2.5 μM 

picolyl azide concentration, as it should be easier to detect than 1 μM. Nevertheless, I 

decided to use picolyl azide concentration of 5 μM, as it gave clear and the most promising 

results. 

 

CHEMICALS 

SDS sample buffer: 

0.2 M Tris-HCl pH 6.5, 32 % (v/v) glycerol, 8 % (w/v) sodium dodecyl sulphate and 0.4 % 

(w/v) bromophenol blue, in final concentrations. 

Coomassie blue solution: 

0.1 % (w/v) Coomassie Brilliant Blue R-250, 81 % (v/v) ethanol (99.5%) and 19% (v/v) 

acetic acid, in final concentrations. 
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Figure S3. Overlay of samples analysed in NMR spectrum in the experiment 

performed with M. acetivorans. Spectrum was scaled with dioxane at 3.7 ppm. Around 

4.7 ppm is water suppression and around 1.9 ppm is acetate. 

 

Table S1. Optical density (OD600) and NMR measurements from experiment performed 

with M. acetivorans. Dioxane was scaled to 3.7 ppm and set as standard = 1. 

Time (d) OD600 

Integrals of 

samples 

EtOH 

integrals 

NMR sample's 

acetate 

concentration mol/l 

Acetate 

concentration in 

culture mmol/l 

10 0,327 3,62 0,057 0,00425 42,48 

17 0,267 3,59 0,057 0,00421 42,13 

24 0,305 2,94 0,057 0,00345 34,50 

26 0,325 2,93 0,063 0,0034 34,38 

28 0,403 2,58 0,068 0,0030 30,28 

30 0,417 2,08 0,069 0,0024 24,41 

32 0,443 1,82 0,081 0,0021 21,36 

34 0,433 1,72 0,082 0,0020 20,18 

38 0,382 1,61 0,082 0,0019 18,89 

 

Table S2. OD600 and NMR measurements from experiment performed with M. barkeri. 

Dioxane was scaled to 3.7 ppm and set as standard = 1 

Time (d) OD600 Integral of 

samples 

NMR sample's 

concentration mol/l 

Acetate 

concentration in 

culture mmol/l 

9 0,754 3,37 0,0040 39,55 

12 0,826 3,25 0,0039 38,14 

14 0,463 3,15 0,0037 36,97 

9 (no HPG) 0,89 3 0,0035 35,21 

 


