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ABSTRACT 

Development and Characterization of Split Methyl Halide 

Transferase for Biosensor Applications in Soil 

by 

Dongkuk Huh 

Soil microorganisms contribute to agricultural productivity by 

forming symbiosis with plant roots and affecting the solubility of soil 

nutrients. Microbiological activity in soil can be monitored directly by 

coupling the expression of a methyl halide transferase (MHT) to a 

conditional reporter. This unique bioreporter can provide information about 

microbial sensing and behaviors without disrupting soil. However, MHT 

reporting has only been used to report on slow transcriptional processes, 

limiting its utility. To overcome this challenge, I have created a split MHT 

(SMHT) that consists of two MHT fragments that are only functional when 

reconstituted. This SMHT was rationally designed using family sequence 

information and shown to exhibit MHT-fragment complementation upon 

fusion to different pairs of interacting proteins. Furthermore, a rapamycin 

biosensor was constructed that links the detection of rapamycin, a secondary 

metabolite synthesized by a soil microorganism, to SMHT fragment 
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complementation. The SMHT should be generally useful for reporting on 

conditional protein-protein interactions in hard-to-image soils and 

sediments. 

 



 

 

 

Introduction 

I.1. Soil and soil microorganisms. 

Soil is the upper layer of earth that is absolutely central for human 

survival and prosperity. Soil supports human life as a platform to raise 

buildings and structures and provides foundation for agriculture and pasture 

for food and clothing. Living organisms, including plants and mammals, 

depend on nutrients stored and accessible through soil for survival (Chen et 

al., 2013; Van Der Heijden et al., 2008; Kertesz and Mirleau, 2004). 

Furthermore, soil homeostasis determines the environmental conditions for 

human habitats, as biogeochemical cycles (including carbon and nitrogen 

cycles) between soil and atmosphere determine the air composition and the 
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Earth’s temperature at both local and global scales (Gougoulias et al., 2014; 

Nelson et al., 2016). 

Governing such environmental properties of soil are microorganisms 

that live inside of soil. Microbes comprise a large portion of life in soil and 

include bacteria, fungi, algae, and protozoa. One gram of soil, for example, 

is estimated to contain ~1010 bacterial cells and between 103 and 104 species 

of bacterial species (Raynaud and Nunan, 2014; Roesch et al., 2007). 

Biological, physical, and biochemical activities of soil microbes affect soil 

properties. In relation to agriculture, these microorganisms enrich the ground 

for plant growth. Their metabolic activities cycle elemental nutrients 

(carbon, nitrogen, sulfur, and phosphorus) to be available for plants (Xue et 

al., 2012). Soil microbes possess genes that can complete the nitrogen cycle, 

and they symbiotically interact with plant roots to convert various nitrogen 

species in soil to consumable forms for plants (Fierer et al., 2012; Nelson et 

al., 2016; Reganold et al., 2010). Furthermore, rhizobacteria Variovorax and 

Polaromonas strains perform desulfonation (Schmalenberger et al., 2008). 

During this process, these microbes convert common sulfur species in soil 

(sulphate esters, sulfonates, and amino acid sulfurs) into inorganic sulphate 

which plants can use (Kertesz & Mirleau, 2004; Reganold et al., 2010). In 
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the case of phosphorus, precipitated phosphorus minerals are solubilized by 

soil microbes for the plants to utilize (Bergkemper et al., 2016). 

Microbial activity in soil also affects soil structure, another important 

factor for agriculture. Organization of soil structure affects water drainage, 

aeration, resistance to erosion, and rate of plant root growth (Burns and 

Davies, 1986). Soil microbes take organic substances, including dextrose, 

cellulose, sucrose, and starch, and convert them to microbial tissues and 

decomposition products that help stabilize soil structure (McCalla, 2019). 

These microorganisms can also affect soil pore formation, pore geometry, 

pore morphological development, and soil structural evolution (Helliwell et 

al., 2014). Fungi are the most prominent players in shaping soil structure, 

followed by Actinomycetes, yeasts, and other bacteria (McCalla, 2019; 

Schädler et al., 2018). Fungal hyphae can bind microaggregates, stabilize 

them, and produce adhesive compounds that bind soil (Tisdall, 1991). They 

also exude glycoproteins that can stick nearby soil together as well as 

hydrophobic compounds that can insulate soil from degradation (Ritz and 

Young, 2004). 

 Larger scale impact of soil microorganisms can be observed through 

their role in biogeochemical cycles. Soil microbes mediate flux of elemental 

carbon and nitrogen between the soil and the atmosphere. This process is 
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closely connected with greenhouse gas (GHG) generation and global 

warming. The most prevalent forms of GHG are carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O), all containing carbon or nitrogen. 

Soil plays an important role as a carbon sink. Soil microbes can either 

respire using the carbon reservoir to release CO2 into the air or assimilate 

carbon inside soil in a stable form (Gougoulias et al., 2014). A group of 

microbes called methanogens is capable of converting carbon sources into 

methane that contributes to GHG accumulation (Lelieveld et al., 1998). 

However, methanotrophic activities are highly dependent on soil context. 

The net methane flux can be altered by different environmental conditions 

and varied microbial community composition in soil (Bodrossy et al., 2013). 

For example, increasing temperature in arctic sediment increased in 

methanogenic activity by microbial population in the environment, as the 

increasing temperature thawed frozen carbon sources in the frozen soil and 

brought about compositional change in microbial community that supports 

methanogenic activities (Blake et al., 2015). On the other hand, a microbial 

community in an afforested ground can stabilize a carbon sink of 

atmospheric methane via microbial mediation (Bodrossy et al., 2013). 

Studying and understanding microbial activities and parameters can provide 
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insights to successful agricultural practices and ways to mitigate atmospheric 

changes on the Earth. 

Innovations in DNA sequencing, microchip biotechnologies, and mass 

spectrometry have transformed our understanding of environmental microbes. 

We can now catalog with great precision what microbes are present in a 

sample, including microbes we cannot yet cultivate, and the ensemble of RNA 

(transcriptomics), proteins (proteomics), and metabolites (metabolomics) 

synthesized by a microbial community. This information has opened a “new 

view” of life, disclosing potential processes that ecosystems can carry out in 

soil. Unfortunately, studying soil microorganisms is limited by the available 

tools to examine microbial activities in a natural environment as many of these 

important actors in soil stabilization and function have not been isolated and 

characterized independently. The current understanding of soil microbes is 

largely superficial and limited due to the lack of appropriate research tools 

(Bardgett et al., 2008; Stein and Nicol, 2011). Scientists examine 

macromolecular or cellular extracts of different soil samples to examine 

microbial composition and activity based on the end product measurement 

(Hill et al., 2000). For example, metagenomics analyzes genomic contents in 

soil samples through extraction and analysis of DNA sequences (Handelsman, 

2004). By sequencing 16S rRNA, researchers can study microbial 



 

 8 

composition and examine unculturable microorganisms in soil (Daniel, 2005). 

While such methods allow researchers to identify microbial species and genes 

present in a soil sample, they fail to capture the dynamic aspect of the 

organisms in response to the changes in environmental conditions. 

Furthermore, in the process of analyzing the sample, the soil itself must be 

homogenized and consumed. As the result, these methods fail to examine the 

soil microorganisms in their naturally existing state and fail to monitor real-

time changes that occur. Culture-based analysis of soil microorganism allows 

direct observation and characterization of an interested species of 

microorganism in a laboratory setting. However, the reliability of the results 

is questionable, because over 99% of soil microbes cannot survive in isolation 

and thus are unculturable with the common laboratory techniques (Hill et al., 

2000). Also, cultured microbes are examined outside the context of their 

natural symbiosis, competition, and nutritional stress present in soil (Berg and 

Smalla, 2009; Kabir and Koide, 2000). Such laboratory environment is likely 

to impose inaccurate depiction of the nature of the isolated microbial species 

from soil. All in all, the current research tools cannot capture the complex and 

dynamic interactions among multiple soil microbes in their natural habitat, 

and innovative tools and methods are needed to address the limitations of the 

current approaches to study cellular dynamics in soil.  
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Figure. 1.1. Overview of MHT gas bioreporter at cellular and chemical 

levels. A) MHT gene is introduced into a strain of interest by transformation 

or chromosomal integration. An appropriate input signal triggers expression 

of MHT proteins that utilize intracellular S-adenosyl methionine (SAM) and 

a halide ion (X- = chloride, bromide, and/or iodide) to synthesize volatile 

halomethane molecules (CH3X). halomethane output is analyzed and 

quantified by gas chromatography-mass spectrometer (GC-MS). B) The 

detailed chemistry of halomethane synthesis by MHT. MHT carries out SN2 

substitution reaction where a nucleophilic halide ion back-attacks the 

electrophilic carbon atom bonded to the positively charged sulfur atom of 

SAM. An unstable, intermediary carbocation (X-SAM) is formed before the 

leaving group, S-adenosylhomocysteine (SAH), detaches from the carbon 

atom to create a halomethane molecule. Single-step process of SN2 

substitution undergoes Walden inversion, in which the chiral center takes a 

different enantiomeric form. However, this effect is insignificant with 

halomethane that does not have a chiral center. 3D chemical structures were 

made using Molview software. Spheres of different colors represent 

different elements of atoms: purple is chlorine, bromine, or iodine; gray is 

carbon; white is hydrogen; red is oxygen; blue is nitrogen; and yellow is 

sulfur. Linear connections between atoms represent covalent bonds. 
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Figure. 1.2. Substrate acquisition mechanism for MHT in E. coli system. 

The two types of substrates for MHT are constantly replenished in E. coli 

cells. S-adenosylmethionine (SAM) is replenished by recycling the reaction 

byproduct S-adenosylhomocysteine (SAH) through SAM cycle, organized 

by a set of different enzymes. SAH is first converted to homocysteine which 

becomes methionine after methylation with 5-methylhydrofolate (CH3-

THF). Methionine is then reacted with ATP to become SAM. Halide ions in 

the environment (media) enter the cells via halide channels and pumps. 

These channels/pumps can drive halide movement either against or down the 

gradient. 

 

I.2. In situ gas bioreporter 

Recently, a new approach for monitoring gene expression was 

developed that is compatible with non-disruptive detection of gene expression 

within hard-to-image environmental soil matrices (Cheng et al., 2016). In this 

approach, a methyl halide transferase (MHT) protein was used to report on 

the activity of a conditional promoter by synthesizing a rare volatile “indicator 

gas” that can diffuse out of non-transparent matrices and be monitored using 
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gas chromatography mass spectrometry (GC-MS) (Cheng et al., 2016). 

Methyl halide transferases are proteins that synthesize small volatile gas 

molecules as their enzymatic product. Identified in plants, bacteria, fungi, and 

archaea (Bayer et al., 2009), MHTs utilize S-adenosylmethionine (SAM) and 

halide ions (X- = Cl-, Br-, and I-) to produce methyl halide molecules CH3X) 

(Fig. 1.1a) (Schmidberger et al., 2010). MHT from Batis maritima was 

utilized as a reporter for microbial gene expression in soil using methyl halide 

as the reporting signal (Cheng et al., 2016).  

This new gas reporting technique enabled in situ monitoring of plasmid 

conjugation among E. coli within a soil, which has not been achieved in the 

past. MHT was chosen over other gas-producing proteins because of its many 

advantages in application. First, it is a monomeric protein consisting of 

approximately 230 amino-acid residues (Ni and Hager, 1998). Second, its 

enzymatic products, methyl halides, are normally unreactive and found in 

very low quantities in environmental soils. Third, MHT utilizes substrates that 

are readily available within cells. Furthermore, methyl halide output is 

conveniently measured using Gas Chromatography Mass Spectrometry (GC-

MS) which isolates and quantitates the gas contents of a sample in a matter of 

5 to 10 minutes. Lastly, a three-dimensional structure of Arabidopsis thaliana 

MHT has been resolved using X-ray crystallography, allowing researchers to 
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better understand and predict protein behavior in a cellular system 

(Schmidberger et al., 2010). Thus, MHT gas bioreporter has been used to 

report on microbial activity in soil. First, MHT was chromosomally integrated 

into F plasmid to report on conjugation events among E. coli cells (Cheng et 

al., 2016). Second, two gas producing proteins, MHT and EFE (ethylene-

forming enzyme) were used to ratiometrically report on quorum sensing 

molecule acylhomoserine lactone (AHL) in autoclaved soil (Cheng et al., 

2018).  

Substrates for MHT are readily available in most microbial cells (Fig. 

1.2). MHTs utilize SAM and halide ions as cofactors. SAM is a common 

methyl donor molecule in all organisms, including E. coli (Kozbial and 

Mushegian, 2005). Lowered concentration of SAM activates biosynthetic 

pathway of its precursor molecule methionine, which then enters SAM cycle 

to replenish SAM concentration (Weissbach and Brot, 1991). In addition, a 

byproduct of halide methylation by MHT is S-adenosylhomocysteine 

(SAH), which is converted to homocysteine then to methionine, further 

bolstering intracellular methionine concentration in E. coli (Fontecave et al., 

2004). If needed, methionine-to-SAM conversion rate can be increased by 

overexpressing  the SAM synthetase, MetK, to raise intracellular E. coli 

SAM concentration up to 34.5 mg/L (Yu and Zhu, 2017). 
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Extracellular halide ions can be imported into cells through multiple 

mechanisms. For instance, there are up to 7 mechanisms of chloride uptake, 

including passive channel, coupled symport, coupled antiport, and active 

ATP pump (Gerencser & Zhang, 2003). Two well-studied mechanisms for 

E. coli anion import are ATPase pump and ClC channel/pump (Abeyrathne 

et al., 2016; Gerencser and Zhang, 2003; Iyer et al., 2002; Maduke et al., 

1999; Wang et al., 2018). Past studies showed that anion channels are 

usually nonspecific for halide selection (Linsdell et al., 2000). For example, 

the ClC channel is shown to accept chloride and bromide at similar rates 

(Dutzler et al., 2002). Furthermore, experiments in frog muscle have shown 

the import of both bromide and iodide by ClC, although the selectivity 

strength varies depending on pH. (Fahlke, 2001). Because MHT utilizes 

substrates that are naturally imported and replenished by microorganisms, 

the protein should be functional under various experimental condition 

(Cheng et al., 2016). 

Limitations exist for the initial gas bioreporters developed. First, 

dependence on transcriptional regulation of output signal presents an 

insurmountable delay varying from a few to tens of minutes prior to signal 

detection (Cheng et al., 2017). Many microbial and chemical activities take 

place in less than a second. Signal responses that depend on entire gene 
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expression pathway become futile in such time scale. The opposite is also 

true for accurate signal measurement. Molecular and cellular components 

become increasingly variable and unpredictable over time. In situ gas 

measurement requires an isolated environment for the soil sample in an air-

tight environment, which limits the available nutrients, including oxygen, 

and accumulates metabolic byproducts in each sample.  

Second, spatial information cannot be obtained from the current gas 

measurement method. Unlike fluorescent reporters that allow direct 

reporting of both temporal and spatial information for target proteins and 

cells, gas bioreporters require measurement of a reaction product that 

diffuses throughout the sample environment. This method makes it 

challenging to obtain spatial information in bulk soil that could prove to be 

essential to studying soil microbes. For example, spatial distribution of the 

rhizosphere in relation to structural change in soil can provide important 

information on the mechanism and conditions for rhizosphere expansion 

(Helliwell et al., 2014), but gas signals alone cannot provide comprehensive 

information regarding this aspect of cells.  

Third, current gas bioreporters are limited to two types of gas output: 

methyl halide and ethylene. Although there are numerous gas-producing 

proteins in nature, their products often have undesirable effects on nearby 
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organisms, affecting sample environments and decreasing validity of 

obtained data. Even EFE is limited in usage as a bioreporter due to the effect 

of ethylene on plant growth, development, and maturation (Iqbal et al., 

2017).  

Lastly, there is a limit to studying post-translational protein activity in 

soil. Current gas bioreporter proteins are capable as transcriptional reporters 

and even used to create cellular biosensors in soil (Cheng et al., 2016, 2018). 

However, understanding post-translational activities of proteins requires 

modification of the bioreporter. For instance, a protein-fragment 

complementation assay makes use of two or more fragments of a reporter 

protein to monitor protein-protein interaction inside a host organism 

(Michnick et al., 2007; Morell et al., 2009; Remy and Michnick, 2006; 

Rochette et al., 2015; To et al., 2016). Additionally, modified reporter 

proteins can be made into a direct biosensor for various molecules, such as 

calcium or iron-sulfur clusters, which bypass gene transcription and 

translation for faster, more informative results  (Garcia, 2014; Hoff et al., 

2009). 
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Figure. 1.3. Overview and Applications of Split Proteins. A) Split protein 

fragments (N and C) are fused to other proteins of interest (X and Y) whose 

interaction is being questioned and studied. Interaction of proteins X and Y 

enables the protein fragments to come in proximity for reconstitution and 

functional resumption. Common output type of split proteins is fluorescence 

or other colorimetric values. Other output types, such as phosphorylation, 

exist for different applications. Pi represents a phosphate group. B) split 

proteins can be used as a protein tag. A small protein fragment is fused to an 

end of a target peptide. After the target protein is folded, the second protein 

fragment is expressed to bind the first fragment to provide spatiotemporal 

information of the target protein. C) Split proteins can serve as biosensors. 

Protein fragments can be fused to various pairs of proteins that depend on a 

specific molecule for interaction. Output of the split protein can be 

monitored and analyzed to examine the presence and changes of the target 

molecule. 

 



 

 17 

I.3. Split protein and protein complementation assays 

To date, a wide range of genetically-encoded proteins have been 

developed for monitoring the dynamic activity of promoters, including 

biomolecules that produce a colored pigment (β-galactosidase), synthesize a 

luminescent signal (luciferase), or exhibit a unique fluorescent signature 

(green fluorescent protein) (Rossi et al., 1997; Schlatter et al., 2003; Wehr et 

al., 2006). The visual reporters have been split into protein fragments that do 

not effectively associate and generate a visual output unless they are fused to 

a pair of interacting proteins that assist the fragment complementation. 

These protein-fragment complementation assays (PCAs) have gained 

widespread use in the biomedical community, because they provide a fast 

post-translational readout (Ishikawa et al., 2012). However, they have seen 

far fewer application in environmental microbiology because of their limited 

use in non-transparent materials, including soils and sediments. 

Split proteins are often used in protein-fragment complementation 

assays (PCA) to examine protein-protein interaction between a pair or an 

unknown bunch of proteins (Fig. 1.3a). In PCA, each split fragment is 

covalently linked to one of the target proteins. When the target proteins 

interact with one another, the split fragments are brought together, and the 

function of the split protein is measured to gain insight on the target protein 
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interaction. Various split proteins have been created and succeeded on 

characterizing protein-protein interactions (Bracha-Drori et al., 2004). For 

example, split thymidine kinase was used in mice to noninvasively monitor 

protein-protein interaction (Massoud et al., 2010); tripartite split GFP was 

used to examine membrane protein interaction in Arabidopsis (Liu et al., 

2018); and split luciferase reported on disease-related protein-protein 

interaction in real-time (Varnum et al., 2017). 

Beyond PCAs, split proteins can be used in innovative ways to study 

more than just protein-protein interactions. For example, split proteins were 

used to monitor RNA-protein interaction (Rackham and Brown, 2004). The 

system utilizes a split luciferase fragment fused to an RNA virus protein that 

binds to a specific viral RNA site. The downstream sequence from the viral 

RNA site can be changed to interact with an RNA-binding protein of interest 

to which has the other luciferase fragment fused; giving off colorimetric 

signal upon interaction (Rackham and Brown, 2004). On another note, 

certain split proteins can serve as molecular tags (Fig. 1.3b). If a split 

protein has a short fragment, it can be linked to any protein of interest, 

which will have minimal disturbance during protein folding (Liu et al., 

2018). Expression of the other split fragment then recognizes the tag 

fragment and reports on the presence and the location of the protein of 
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interest (Cabantous et al., 2005; Kamiyama et al., 2016). Split proteins can 

also provide synthetic control over a cellular signaling pathways. Kinase 

proteins have been made into split kinases for applications in PCA and 

focused study on the target kinase protein (Diaz et al., 2017; Mabe et al., 

2014). However, these split proteins show a large potential in development 

of synthetic control of cellular regulatory and signaling pathways. Unlike 

split fluorescent proteins, kinase proteins induce a specific cellular behavior 

upon activation, such as cell proliferation and temporal activation of a 

specific signaling pathway (Diaz et al., 2017; Mabe et al., 2014). In addition 

to kinases, protease proteins, such as split TEV (tobacco etch virus) 

protease, have been used to activate a transcription factor and initiate 

expression of a gene of interest (Wehr et al., 2006). User-controlled pathway 

activation and repression at any desired time point is a very fascinating and 

strong synthetic biology tool. Exploration and development of diverse split 

proteins can bring about numerous synthetic parts that can trigger a range of 

specific cellular pathway at the user’s convenience. 

By altering the type of partner proteins fused to protein fragments, 

split proteins can detect a wide range of environmental conditions, ranging 

from small molecules to macromolecules. For instance, split Venus fusion to 

glutaredoxin 2 proteins fluoresces upon binding of 2Fe-2S iron-sulfur 
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cluster, serving as a simple tool to examine metallocluster-binding proteins 

(Hoff et al., 2009). Split ferredoxin fusion to estrogen receptor allowed 

detection of the receptor’s antagonists (4-hydroxytamoxifen, raloxifene, and 

lasoxifene) (Atkinson et al., 2019), and FKBP and FRB allowed detection of 

rapamycin in the environment (Remy and Michnick, 2006; Wehr et al., 

2006). Split biosensors can also detect macromolecules, including DNA, 

RNA, and protein (Porter et al., 2008; Stains et al., 2005) (Fig. 1.3c). In 

addition, both structural and functional status of macromolecules can be 

monitored. For example, methylation or damage to DNA sequence can be 

detected using proteins that recognize such changes (Furman et al., 2011; 

Stains et al., 2006). In another case, specific protein activity in cells, such as 

specific protease activity, can be tracked by introducing the protease site to 

the overall design of the split fragment interaction (Callahan et al., 2014; 

Shekhawat et al., 2009). Upon proteolysis, the fragments become free of 

restriction and are reconstituted for functional activity. 

 Many split protein tools and assays have been developed, and they 

provide visual signals that are quick to analyze, convenient to use, and 

spatially and temporally sensitive. However, these split protein tools become 

near obsolete when used in hard-to-image environments, such as soil. It is 

hypothesized that by creating split MHT, dynamic molecular and microbial 
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activities in soil could be monitored, ranging from protein-protein 

interaction to intercellular changes among different species of microbes. By 

creating split MHT, the current limitations on the gas bioreporters can be 

addressed. Detection of input signal at the post-translational stage bypasses 

pre-translational steps required for gene expression, returning a fast 

response. Furthermore, introducing post-translational control over MHT 

function will allow development of various biosensors that have the 

potential to track chemical signals relevant in various fields of science, 

industry, and medicine. Most of all, such information can be obtained in real 

time without consuming the samples for continuous checkups. 

I.4. Specific Aims 

To introduce split protein tools for research in soil medium, this work 

describes development of a desired split MHT by identifying potential split 

sites for B. maritima MHT using available sequential and structural 

information about MHTs. The goal of this project is to create a split MHT 

desirable for applications as in situ biosensors in soil and characterize the 

split MHT activity under various conditions. To qualify for applications, the 

candidate split MHT fragments should: 1) yield significant CH3Br signal 

from expression of both fragments compared to that of an individual 

fragment; 2) have relatively low affinity between the fragments compared to 
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their fused partner proteins; and 3) form a reversible and dissociable 

complex. To demonstrate that the candidate split MHT can be used in real 

soil studies, the split MHT must be used to create a small-molecule 

biosensor and demonstrate its ability to detect and report on the target 

molecule in soil. 
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Results and Discussion 

 

II.1. Optimization of DNA circuit and experimental protocol 

II.1.A. Improvement in synthetic circuitry of template MHT plasmid 

prior to scission. 

Prior to constructing split MHT (SMHT), a few major adjustments 

were made in both genetic circuitry and research protocol for methyl halide 

analysis in E. coli culture. First, the original MHT expression vector 

contained a critical sequence error in the junction between the N-terminal 

antibody tag (His-tag, thrombin site, and T7 tag) and the beginning of MHT 

gene that culminated in out-of-frame expression of MHT gene. Although 

this construct produced a low level of methyl bromide in E. coli, it was 

hypothesized that addressing this genetic flaw at the translation initiation site 

of MHT may improve the overall amplitude of MHT activity and decrease 

the range of error by eliminating the undesirable and unpredictable factor in 
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the gene circuit. The DNA sequence was adjusted to put the MHT gene in 

frame with the N-terminal antibody tag using Golden Gate assembly. When 

the gas output was compared between the original and adjusted MHT 

vectors, over 10-fold increase in methyl bromide output was observed from 

the new construct (Fig. 2.1a).  

 

Figure 2.1. Addressing genetic issues in the original MHT vector prior 

to protein engineering of B. maritima MHT. (a) Comparison of methyl 

bromide gas output between the original, out-of-frame MHT construct and 

the new construct that expresses the wildtype B. maritima MHT in frame. 

(b) Comparison of methyl bromide gas output between two wildtype MHT 

constructs with differing C-terminal antibody tag. HA tag was added to 

avoid challenges during Western blotting when faced with two MHT 

fragments with similar molecular weight. EV is empty vector. 

 

Second, the original vector contained MHT gene with 6x His-tag at 

both N- and C-termini of the protein for possible Western blot experiments. 

However, as split MHT was to fuse with various partner proteins, it was 

likely that fusion to form protein pairs may result in overlapping molecular 

weight between the first and the second protein fragments, hindering 
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interpretation of the Western blot. Therefore, the C-terminal 6x His-tag was 

replaced with an HA-tag, enabling identification of any pair of split MHT 

fragments, as usage of two separate antibodies would circumvent the issue 

of a size overlap. After the C-terminal antibody tag was changed to HA tag 

using Golden Gate assembly, the functional aspect of the new construct was 

examined. As predicted, this change showed insignificant difference in gas 

production of MHT (Fig. 2.1b). These changes have been incorporated for 

the rest of the split MHT project, and all prior split MHT constructs built 

from the original construct were discarded and remade with the modified 

version. 

II.1.B. Change in sample preparation protocol for more consistent gas 

output. 

 In addition to genetic modification, the sample preparation protocol 

for GC-MS analysis was also adjusted. Sample preparation for methyl 

bromide measurement requires usage of modified M63 minimal media with 

100 mM NaBr. In this environment, cell proliferation is stunted and requires 

a longer time to reach the desired optical density (OD600 = 0.5) for gene 

induction after culture dilution. Therefore, in the modified M63 minimal 

media, E. coli cells are given 7~8 hours of incubation time compared to 

2~2.5 hours in nutrient-rich media. Induction at the desired optical density 
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demonstrated higher, more consistent, and more predictable methyl bromide 

output from MHT (data not shown). 

II.2. Determination of potential split site on B. maritima MHT. 

II.2.A. Multiple sequencing alignment and class I SAM-dependent 

methyl transferase family reveal a potential split site for MHT. 

 

Figure 2.2. Rationale behind split MHT construction. (a) Sequence 

alignment of 84 MHT homologs. Alignment output is denoted by 

corresponding amino acid variability at each residue point using a sliding 

window algorithm. Orange triangles indicate residues proximal to the 

binding substrates. (b) Secondary structure of B. maritima MHT, (c) 

conserved core fold of class I SAM-dependent methyl transferase family, 

and (d) Rossmann fold apposed along (a). Downward arrows indicate the 

relative location of protein fragmentation that would likely tolerate the 

separation. Red bars reprsent alpha helices and blue rectangles represent beta 

sheet.  
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Figure 2.3. Structural overview of wild-type and split Batis maritima MHT. 

(a) Homology model of B. maritima MHT generated via SWISS-MODEL 

using A. thaliana MHT as the template. Multiple sequence alignment 

information from Fig.2.2.a (without sliding window analysis) is color-coded 

onto the homology structure using CONSURF. Amino acid variability is 

most variable at blue and least variable at purple residues. (b) Schematic 

overview of workflow to create split MHT. Wildtype MHT from Batis 

maritima was split between 113th and 114th residues of its peptide to create 

two nonfunctional protein fragments that must interact to resume production 

of methyl halides. Split MHT proteins were fused with SYNZIP 17 and 18 

coils that heterodimerize with high affinity and high specificity, improving 

the overall performance of SMHT. (c) DNA sequence map of split MHT 

expression operon on pET-28b plasmid. Both SMHT genes are controlled by 

T7 promoters under LacI control. Orange arrow with “L” is 3 repeats of 

glycine-serine linkers. Different protein pairs can be swapped into black 

arrow regions labeled “Protein X” and “Protein Y.” The two genes are 

spaced with KanR gene in between. 

 

Methyl halide transferase is a member of class I SAM-dependent 

methyl transferase (MT) protein family. Structure-based sequence alignment 

of this family’s representative proteins suggests that there is a highly 
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conserved structural fold among the family members. (Martin and 

McMillan, 2002) This conserved core fold is predicted to consist of a SAM-

binding domain, a linker region, and a substrate-binding domain (Martin and 

McMillan, 2002). Secondary structures of A. thaliana and B. maritima 

MHTs revealed that the two MHT homologs likely share this conserved fold 

feature as well. If so, to generate a working split MHT, the protein should be 

fragmented at a location away from the crucial regions of the peptide that 

participate in this core fold. To identify regions of the peptide that can 

tolerate protein fragmentation, multiple sequence alignment utilized peptide 

sequences of 84 MHT homologs available from Bayer et al. (2009). The 

alignment revealed two regions of high amino acid conservation (Fig. 2.2a) 

which roughly corresponded to the conserved fold portions of MT family 

proteins (Fig. 2.2b and 2.2c). The two troughs of amino acid conservation 

are hypothesized to be the SAM-binding and halide-binding domains. 

Between the two conserved regions is a peak of high amino acid flexibility. 

A scission at this peak would ideally disrupt the activity of the resulting 

protein fragments while minimally disrupting the highly conserved regions 

of MHT. Furthermore, the candidate split location does not directly disrupt 

any of the secondary structures of the conserved fold (Fig. 2.2b and 2.2c). 

Assuming that B. maritima MHT shares the conserved core fold of the class 
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I SAM-dependent MT family, the scission would generate two functionally 

inactive protein fragments, which are hypothesized to regain function upon 

association. 

III.2.B. Homology model of B. maritima MHT suggests that the split site 

does not disrupt the overall structure of the protein. 

Structural understanding of B. maritima MHT can provide crucial 

information regarding any future protein engineering works in relation to the 

protein. While the structure of A. thaliana MHT has been resolved 

(Schmidberger et al., 2010), that of B. maritima has not. However, because 

A. thaliana and B. maritima MHTs share 65% sequence similarity, 

homology modeling can generate a useful in silico 3D structure of B. 

maritima MHT by using A. thaliana MHT as the template. SWISS-MODEL 

was used to carry out homology modeling, and QMEAN, ERRAT, 

RAMPAGE, PROCHECK, and MolProbity were used to determine the 

accuracy of the homology model (Fig. 2.3a). The model suggests that a 

desired protein fragmentation site would be in the flexible loop region 

located on the outer surface of the protein, enabling any modification at the 

scission site accessible. The model also revealed peptide residues proximal 

to the substrate binding region, considered here as putative active site 

residues. It should be pointed out that many of these residues, 96, 97, 123, 
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124, 125, and 142, are conserved among the MHT homologs and fall into 

the troughs of the two conserved regions on the multiple sequence alignment 

(Fig. 2.2a, orange triangles). 

Another relevant portion of the protein structure is the Rossmann fold 

which, consists of a beta-alpha-beta motif forming a loop near the active site 

(Fig. 2.2b). This superfold is found among many proteins that bind 

nucleotide-related substrates, and this loop between the first beta sheet and 

the alpha helix makes direct contact with other adenosine-containing 

substrates, such as FAD and NAD (Hanukoglu, 2015). Studies on proteins 

with similar function led to a sequence consensus of G-x-G-G-x-x-A at the 

loop (Hanukoglu, 1989), and a similar sequence consensus of E/D-x-G-x-G-

x-G is noted for class I SAM-dependent MT at the same loop region (Martin 

and McMillan, 2002). Peptide sequence of B. maritima MHT at this region, 

V-P-G-C-G-G-G-Y-D, matches the two consensus sequences quite well, and 

it is considered to be crucial to the protein function. The multiple sequence 

alignment data confirm low amino acid variability at this peptide region, 

which is distant from the current fragmentation location. Assuming that the 

Rossmann fold is as crucial for B. maritima MHT as it is for other proteins 

that interact with similar substrates, the second fragment of split MHT, 

which will not possess this fold, is expected to be inactive. In addition, the 
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lack of activity from the first fragment that possesses the Rossmann fold will 

suggest that the conserved region in the second fragment is necessary for the 

halide methylation process of MHT. The multiple sequence alignment and 

structural analysis of B. maritima MHT confirmed the scission at the flexible 

peak after the 113th residue of Batis maritima MHT as an optimal site to 

generate a split MHT with enzymatic activity. 

II.2.C. SYNZIPs 17 and 18 and glycine-rich linker proteins were fused 

to the split MHT to assist the fragment interaction. 

To actively drive the post-translational interaction and stabilize 

interaction of split MHT fragments, synthetic leucine zippers, called 

SYNZIP-17 and SYNZIP-18, were fused to a terminus of each split MHT 

fragment, as they previously demonstrated success in assisting other split 

proteins (Thomas et al., 2017) (Fig. 2.3b). SYNZIPs-17 and -18 

heterodimerize  as an antiparallel coiled-coil pair with high affinity (KD < 10 

nM) and specificity (Thompson et al., 2012). Furthermore, glycine-rich 

linkers were inserted between the fusion parts for flexible fragment 

interaction. These modifications are expected to boost the magnitude of 

methyl halide signal of SMHT. SYNZIP 17 is fused to the C-terminus of the 

first SMHT fragment, whereas SYNZIP 18 is fused to N-terminus the 
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second fragment (Fig. 2.3c). This arrangement is to assist split MHT 

fragments in assembling as closely as possible to the desired configuration. 

III.3. Characterization of split MHT activity in E. coli cells. 

III.3.A. Split MHT requires expression of two fragments to produce 

methyl bromide signal. 

 

 

Figure 3.4. Characterization of split MHT under various conditions. 

(a) E. coli CS50 strain was transformed with pET-28b vector harboring 

different combinations of SMHT fragments. Wildtype MHT was used in the 

same conditions as a positive control. (wt) is wildtype MHT (b) Increasing 

concentrations of IPTG were applied to E. coli cells and bromomethane 

outputs were measured after an overnight incubation at 30 oC. (c) Rate of 

methyl bromide accumulation was measured at different temperatures over 

six-hour time points. Rate is determined by measurements of methyl 
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bromide accumulation and optical density in hour intervals. Pairwise student 

t test indicates that the rate difference at the 6-hour time point between 37 oC 

and the other two temperature points is significant (p < 0.05). (d) Methyl 

bromide signal was collected from cultures with varying cell concentrations. 

Cells were induced at OD600 = 0.5 and serially diluted after OD600 = 1.0. 

Prepared samples were incubated 1 hour prior to gas measurement to 

minimize change in cell concentration. A positive correlation between CFU 

and methyl bromide is observed (R2=0.792). 

 

To examine the functional characteristics of individual SMHT 

fragments and SMHT complex, plasmids encoding neither, either, or both 

modified SMHT genes were transformed into E. coli (Fig. 2a).  The cells 

were incubated for 24 hours at 30 ºC, and methyl bromide output was 

analyzed using a gas chromatography mass spectrometer (GC-MS). Methyl 

bromide (CH3Br) output was selected over other methyl halide species, 

because B. maritima MHT produces CH3Br with the highest signal-to-

background ratio (Cheng et al., 2016). E. coli cells expressing individual 

SMHT fragments synthesize below-detectable level of CH3Br comparable to 

those containing empty vector negative control (Fig. 2.4a). Cells expressing 

both SMHT genes yielded CH3Br over 103-fold higher than the cells 

containing only one or neither of the genes. The gas analysis demonstrates 

that split MHT follows the expected design of a split protein. Compared to 

the wild-type MHT whose optimal temperature for function is 37 ºC, SMHT 

produced CH3Br approximately 10-fold less than the wildtype at 30 ºC. The 
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loss of signal compared to the wild-type protein is unsurprising. Although 

the fragmentation should minimally disrupt the overall protein integrity by 

theory, their interaction lacks other features that promote structural 

stabilization and is solely driven by proximity. Furthermore, while the 

SYNZIP coils aid interaction of the two protein fragments, they may hinder 

configuration of the fragments to the native form. Further investigation is 

needed for a conclusive explanation. 

II.3.B. Methyl bromide signal correlates with the degree of split MHT 

induction. 

To demonstrate dependence of CH3Br output on SMHT protein 

concentrations, cells co-expressing both SMHT fragments were induced 

with various concentrations of isopropyl-β-D-1-thiogalactopyranoside 

(IPTG) in E. coli cells (Fig. 2.4b). In this construct, both split MHT genes 

are controlled by T7 promoters with Lac operators. As IPTG concentration 

increases, CH3Br concentration increases until it starts to saturate after 500 

µM IPTG. The result suggests that methyl bromide output depends on the 

number of split MHT proteins induced in the cells. 

III.3.C. Split MHT is functionally more active at 30 oC than 37 oC. 

Preliminary data suggested that the overall CH3Br production 

improves for SMHT at 25 ºC and 30 ºC, whereas wildtype MHT is 
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optimized at 37˚C. To more extensively explore the effect of temperature on 

SMHT, the rate of CH3Br synthesis of SMHT was examined at 30, 33, and 

37˚C in E. coli cells with constitutive SMHT expression on a plasmid (Fig. 

2.4c). The rate was calculated as the amount of CH3Br produced per cell per 

hour. The cultures started at 0.1 OD600, and the measurement continued until 

samples in all temperatures passed 1.0 OD600; this measurement was taken 

over the course of six hours.  The result supports the previous observation 

that SMHT function is compromised at 37 ˚C, as the rate performance at this 

temperature is consistently low. On the other hand, at 30 ˚C and 33 ˚C, the 

rate appears to significantly increase after four-hour incubation periods, 

post-exponential phase. This pattern of CH3Br production rate is consistent 

with a study that showed increased intracellular SAM concentration in the 

stationary phase of E. coli cells compared to exponential phase (Posnick and 

Samson, 1999). Although SMHT activity at 30 ˚C and 33 ˚C did not 

demonstrate a significant rate difference, 30 ˚C was chosen as the standard 

temperature for all other SMHT experiments, as this temperature is more 

relevant for laboratory and field settings. 

II.3.D. Split MHT can report down to 107 cells in 2 mL glass vial after 1 

hour incubation. 
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To understand the lower limit of detectable SMHT activity, the 

minimal concentration of cells required to detect methyl bromide output was 

examined. An overnight E. coli culture was diluted and induced at the mid-

point potential (OD600 = 0.5). The cells were further incubated to reach 

stationary phase (OD600 = 1.0) and serially diluted by ten-fold. CH3Br 

accumulation was limited to one hour to minimize the change in cell 

concentration. Because cell proliferation is extremely slow in the minimal 

media with 100 mM NaBr, there is not a significant difference in cell 

number during a one hour incubation. The result shows that CH3Br output 

by SMHT is correlated to CFU until the signal drops below the detection 

limit around 107 CFU (Fig. 2.4d). Moreover, consistent with the initial 

characterization experiment is the 10-fold lower activity rate of the SMHT 

compared to the wildtype MHT whose lower detection limit is 106 cells, as 

characterized previously (Cheng et al., 2016). Furthermore, it is worthwhile 

to note that SMHT can produce detectable quantities of CH3Br in less than 

an hour if starting with a stationary phase culture. If incubation time can be 

extended, one can expect detection of a lower concentration of cells in the 

sample. 

II.3.E. Split MHT demonstrates AND gate behavior 
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Figure 3.5. Demonstration of split MHT as a potential transcriptional 

AND gate. (a) Original Split MHT fragments were fused with green (GFP) 

and red (RFP) fluorescent proteins at the other termini of the two SYNZIP 

coils. The fluorescence-tagged SMHT genes were placed under different 

inducible promoters, Ptet and Plac. Relative expression levels of individual 

SMHT proteins and their interaction frequency were monitored by 

fluorescence and gas signals, respectively. E. coli XL1 cells harboring the 

plasmid were induced with combinations of varying aTc and IPTG 

concentrations. (b) Cytotoxic effect from combining inducers was assessed 

through the growth measurement by reading the optical density at 600 nm 

wavelength. Measurements of (c) gas, (d) green fluorescence, and (e) red 

fluorescence were also taken and normalized to the highest value for each 

section. (f) The product of average fluorescence signals of GFP and RFP 

was calculated per slot. The multiplied fluorescence values indicate the 

expected SMHT functional strength/intensity comparable to (c). 

 

To demonstrate that the SMHT function depends on the 

concentrations of SMHT1 and SMHT2 proteins, genes for green fluorescent 
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protein (GFP) and red fluorescent protein (RFP) were fused to the other ends 

of the SYNZIP coils respectively, and these fluorescence-fused SMHT 

genes were regulated under different inducer controls: anhydrotetracycline 

(aTc) and isopropyl-β-D-1-thiogalactopyranoside (IPTG) (Fig. 2.5a). The 

plasmid carrying these gene cassettes was transformed into E. coli cells 

which were induced with combinations of varying inducer concentrations. It 

was confirmed that varying induction conditions do not affect cell growth 

significantly (Fig.2.5b). For each sample, CH3Br (Fig. 2.5c), green 

fluorescence (Fig. 2.5d), and red fluorescence (Fig. 2.5e) signal values were 

measured. The result shows that: 1) high CH3Br production is observed with 

high concentrations of both inducers (Fig. 2.5c upper right); 2) high green 

fluorescence is observed in a switch-like manner at 100 ng/mL aTc; and 3) 

increasing red fluorescence is observed with increasing concentration of 

IPTG. When the protein-protein interaction is assumed to be solely 

dependent on the number of the protein parts present in the system, this 

interaction event can be roughly modeled as the product of green and red 

fluorescence values at each inducer combination (Fig. 2.5f). When the 

product of the two fluorescence measurements is compared to the CH3Br 

production (Fig. 2.5c), it shows that the two heatmaps follow a similar trend, 

indicating that the balanced expression of the two genes appears to 
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encourage higher CH3Br output than the total sum of the proteins produced.  

The result suggests that MHT function depends on the expression level of 

both protein fragments and supports the notion that SMHT can be used as a 

transcriptional AND gate. 

II.3.F. Split MHT were fused to different partner proteins. 

 

Figure 2.6. Split MHT activity is dependent on protein-protein interaction of 

its different partner proteins. Split MHT fragments were fused to different 

proteins that are known to interact with each other. While 

SYNZIP17/SYNZIP18 and CheA/CheY have unconditional affinity for each 

other, glutaredoxin 2 (GRX2) must bind an Fe-S cluster to form a complex. 

To demonstrate that split MHT fragments can assemble and report on 

protein-protein interaction of their fused partners, the three protein pairs 

were genetically manipulated to impair their interaction. SYNZIP17 was 

removed from the first split MHT fragment; CheA was removed from the 

first split MHT fragment; and a GRX2 C37A point mutation was introduced, 

which impedes Fe-S binding. Plasmids pET-28b containing these gene pairs 

were transformed into E. coli CS50 strain. The interaction and lack of 

interaction between each pair were tested at (a) 25 oC, (b) 30 oC, and (c) 37 
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oC. The samples were incubated for 18 hours after IPTG induction. 

 

To assess versatility of split MHT to recognize and report on various 

protein-protein interactions, SMHT fragments were fused to three different 

protein pairs of known interaction: SYNZIPs 17 and 18, CheY-binding 

domain of CheA and CheY (Park et al., 2004), and glutaredoxin 2 (GRX2) 

(Hoff et al., 2009). CheA and CheY are E. coli chemotaxis proteins that 

interact strongly under any condition, and GRX2 is a homodimerizing 

protein that requires an iron-sulfur cluster (Fe-S) for stabilization. Negative 

controls for each pair were also designed. SYNZIP interaction was impaired 

by removing SYNZIP 17 from the first SMHT fragment. CheA and CheY 

interaction was disrupted by removing CheA from the first SMHT fragment. 

C37A point mutation was introduced to GRX2 genes, which disables GRX2 

from binding Fe-S clusters. All constructs were created and placed into the 

pET-28b vector using Golden Gate assembly. Each construct was then 

transformed into E. coli CS50 cells, and individual colonies were used for 

inoculation and overnight growth. The cells were then diluted and induced 

with IPTG at OD600 = 0.5. The cultures were grown at three different 

temperatures and incubated for 24 hours (Fig. 2.6). All three fusions allowed 

SMHT to produce methyl bromide output, whereas the negative control pairs 

produced significantly less. The highest signal-to-background ratio is 
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observed at 25 oC for SYNZIPs, 25 oC for GRX2, and 37 oC for CheA and 

CheY, although the impact of temperature is not large for these proteins. The 

result suggests that interactions between the two protein fragments are 

largely dependent on the fused partner proteins rather than split MHT 

fragments. Display of maximal signal-to-background ratio at different 

temperatures by different protein pairs is significantly dependent on the 

affinity between the partner proteins. This observation suggests that split 

MHT can be used as a versatile bioreporter to report on various protein-

protein interactions. 

II.4. Development and characterization of split MHT rapamycin 

biosensor. 

II.4.A. As a proof of concept, split MHT was fused to FKBP and FRB to 

create an in situ rapamycin-responsive biosensor. 

As SMHT was proven to work with a wide range of protein partners, 

its platform was tested to build an in situ gas biosensor that utilizes 

conditional interaction of fused partner proteins to report on specific signals. 

FKBP and FRB proteins form a well characterized protein pair that 

associates in the presence of rapamycin, whereas the presence of FK506 

prevents their protein-protein interaction (Fig. 3.7a) (Kunz and Hall, 1993). 

These proteins are widely studied, and a large quantity of data is available to 
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design experiments that examine the qualities of split MHT as gas biosensor. 

Furthermore, FKBP and FRB detect rapamycin molecules produced by the 

soil bacteria, Streptomyces hygroscopicus. Using this pair of proteins, split 

MHT can be built into a gas output biosensor relevant to applications in soil. 

 

 

Figure 3.7. Split MHT fusion with FKBP and FRB proteins creates a 

competent in situ biosensor for rapamycin. a) FKBP and FRB proteins (gray 

and orange shapes) recognize rapamycin molecules to form a complex. 

Another chemical, FK506, binds to FKBP and prevents further interaction 

with FRB, inhibiting complex formation. Split MHT was fused to this 

protein pair to report on the presence of rapamycin in a solution. Depictions 

of chemical components are not proportional to their actual sizes. b) E. coli 

cells expressing the rapamycin biosensor under lac repressor control were 

incubated with or without IPTG and/or 100 µM rapamycin at 37 oC for 18 

hours. Expression of rapamycin biosensors in the presence of 100 µM 

rapamycin produces abundant methyl halide molecules for detection under 

GC-MS. A low background gas production is observed when the proteins 

were expressed in a culture without rapamycin. c) Split MHT biosensor can 
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quantitively report rapamycin concentration in culture. E. coli cells 

expressing the rapamycin biosensor were incubated with varying 

concentrations of rapamycin for 18 hours at 37 oC before measurement in 

GC-MS. d) Reversible dynamic of split MHT interaction was examined by 

inducing decomplexation of FKBP-rapamycin-FRB complex using FK506. 

E. coli cells expressing rapamycin biosensor were pre-incubated with 100 

µM rapamycin for three hours. Rapamycin in the media was removed from 

cells by centrifugation and resuspension of the cells with fresh M63 media 

(without rapamycin). Varying titers of FK506 were then added and 

incubated for 18 hours at 37 oC. 

 

II.4.B. Basic characterization of SMHT rapamycin biosensor. 

A rapamycin-responsive gas biosensor was built by replacing the 

SYNZIP proteins of the initial SMHT design with FKBP and FRB genes. 

This construct was first quickly characterized for its ability to detect a high 

concentration of rapamycin. The transformed cells were injected with either 

IPTG, 100 µM rapamycin, or both (Fig. 2.7b). The result shows that SMHT 

rapamycin biosensor is sensitive to the presence of rapamycin, whereas there 

is some background signal potentially due to the reported interaction 

between FKBP and FRB without binding rapamycin. However, this 

background signal can be effectively addressed by changing experimental 

design. 

II.4.C. Rapamycin biosensor function was examined at varying 

rapamycin concentrations. 
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E. coli cells harboring rapamycin biosensor plasmid were induced 

during the exponential phase under varying concentrations of rapamycin in 

the culture. The cultures were capped inside an air-tight vials and incubated 

at 37 oC for 24 hours (Fig. 2.7c). Maximal gas signal is observed at 10 µM 

rapamycin, approximately 15-fold higher than that of the lowest rapamycin 

titer. The rapamycin biosensor thus has a dynamic range of approximately 

10~20-fold over the background. 

III.4.D. FK506 inhibition experiment 

To test reversibility of split MHT fragment interaction, FK506 was 

used to examine the change in gas output upon dissociation of FKBP-FRB 

complex. The cultures were induced and mixed with 10 µM rapamycin for 

three hours. Afterward, the cells were washed with fresh M63 media via 

centrifugation and resuspension and mixed with varying concentrations of 

FK506 (Fig. 2.7d). The samples were capped air-tight and incubated 

overnight. Increasing FK506 concentration decreased the gas output from 

split MHT. Had SMHT interaction been irreversible, the gas output should 

stay relatively unchanged regardless of the complex status of FKBP and 

FRB. The decrease in the signal indicates that removal of rapamycin and 

inhibition of interaction with FK506 dissociated both the FKBP-rapamycin-

FRB complex and thus the two split MHT fragment complex. This result 
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suggests that split MHT biosensor can report on dynamic changes in signal 

over time. 

 

 

 



 

 

 

Summary and Future Direction 

 

Gas bioreporters offer a new and innovative way to study 

microorganisms in soil without sample disruption. Early publications in the 

field successfully utilized the reporter proteins as transcriptional outputs that 

respond to plasmid conjugation and intercellular signaling molecule. This 

project entails expanding the application boundary of gas bioreporters 

beyond a simple transcription output. To achieve this goal, one of the gas 

reporters, methyl halide transferase (MHT), was rationally engineered to 

bring forth split methyl halide transferase (SMHT) that consists of two 

nonfunctional MHT fragments that interact to regain function. Fusing split 
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MHT to other partner proteins allows post-translational control of gas 

output, and it possesses a vast potential for in-soil applications.  

Location for peptide fragmentation was identified using multiple 

sequence alignment of MHT homologs and further supported by 3D 

homology model of B. maritima MHT. Multiple sequence alignment 

revealed a flexible region near the center of the MHT peptide flanked by two 

relatively conserved regions that are hypothesized to be SAM-binding and 

halide-binding domains. Homology model further demonstrated that this 

central flexible region is facing outside on the protein surface, and the 

specific scission site does not target any of the secondary structures thought 

to affect the protein function. 

Scission after 113th residue of B. maritima MHT yielded the desired 

SMHT. Basic characterization experiments showed that the individual 

protein fragments produce undetectable level of bromomethane individually, 

while their co-expression results in high gas output. Unlike wild type MHT, 

SMHT yielded larger signal output below 33 oC. Conclusive statement on 

this shift in optimal temperature needs further examination. SMHT requires 

at least 107 cells for signal detection with the current GC-MS setup. To 

detect lower concentration of cells, this construct may require adjustment in 

experimental setting or molecular framework to improve overall 
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halomethane yield per protein. The protein fragments were then fused with 

different partner proteins. SMHT produced significant bromomethane signal 

dependent on the interaction of its fused partner proteins. 

SMHT was used to create a small-molecule biosensor. A rapamycin-

responsive SMHT biosensor was created by fusing MHT fragments with 

rapamycin-binding FKBP and FRB proteins. This gas-producing biosensor 

demonstrated rapamycin-dependent change in the gas output. Furthermore, 

decreasing gas output upon introduction of an antagonist molecule, FK506, 

suggested the reversible nature of SMHT fragment interaction. 

 

Future direction 

III.1. Split MHT Applications 

III.1.1. Characterize SMHT utility in soil. 

Initial characterization of SMHT rapamycin biosensor demonstrated 

promising sensitivity to rapamycin and reversibility upon inhibited 

interaction. However, the SMHT biosensor will need further experimental 

characterization before real life applications. For the biosensor application in 

soil microbiology, two qualities of the biosensor should be tested: activity in 

soil and response to extracellular and intercellular signal. The ultimate goal 

of this biosensor would be to measure natural levels of rapamycin in soil. 
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Rapamycin is produced by a soil microbe Streptomyces hygroscopicus (S. N. 

SEHGAL, 1975; Vézina et al., 1975). Rapamycin detection in soil would 

prove the applicability of SMHT-based biosensors.  However, because 

rapamycin molecules need to be taken up by the host cells and recognized by 

the biosensor, the gas output is expected to be compromised. Careful 

experimental setup will be needed to maximize the biosensor output. To 

eliminate undesirable effects from other biological components in soil, the 

experiment will be performed in an autoclaved soil with varying 

concentrations of added rapamycin. Sensitivity and lower limit of the 

rapamycin biosensor will be examined through this experiment.  

 Second, SMHT rapamycin biosensor will be used to report on activity 

of other microorganisms in the same system. Chemical activities in soil are 

largely governed by soil microbes. Reporting on chemical activities by 

surrounding organisms will further qualify SMHT biosensor as the proper 

tool to study microbial dynamics in soil. Streptomyces hygroscopicus is a 

natural producer of rapamycin inhabiting in soil. S. hygroscopicus will be 

co-cultured with E. coli expressing SMHT rapamycin biosensor to 

demonstrate that it is capable of monitoring cellular activity in soil. 

Ultimately, the co-culture experiment should be carried out in soil, but the 
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transition between media and low concentration of naturally produced 

rapamycin may reduce the gas output of the biosensor beyond its limit. 

III.1.2. Develop improved protocols for monitoring SMHT activity. 

 One of the major concerns in creating SMHT biosensors is the 

relatively low gas signal compared to the wildtype MHT; importance of 

which becomes obvious as the biosensor transitions from laboratory to 

natural soil condition. High possibility of critical signal reduction should be 

acknowledged by looking for ways to improve the gas signal amplitude. 

This issue can be addressed by improving the sensitivity of GC-MS, or by 

engineering SMHT to improve its gas productivity. To address this matter, 

directed evolution can be used to improve the overall activity of the current 

SMHT. It is hypothesized that mutations on SMHT peptides may enable the 

two protein fragments to reconstitute in functionally more active 

conformation. In addition, the E. coli cells harboring the SMHT genes can 

be engineered by strain to overexpress the enzyme substrates. For example, 

previous study showed that overexpression of SAM synthase gene, metK, 

culminated in increased overall SAM concentration in E. coli, which could 

assist SMHT to better carry out the enzymatic reaction for higher signal 

output. 
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Figure. 3.1. Comparison of strategies to study F1 plasmid conjugation 

between E. coli strains using wildtype or split MHT. A) Previous 

publication proposed a way to monitor F1 plasmid conjugation between 

donor (D) and receiver (R) strains of E. coli (Cheng et al., 2016). In this 

system, MHT gene under a Tet-responsive promoter (PTet) is chromosomally 

integrated into F1 plasmid. Expression of halomethane is inhibited in the 

donor cells by genomic expression of TetR. Conjugation of F1 plasmid frees 

the promoter from TetR regulation and allows expression of MHT and 

synthesis of halomethane. Tc represents transconjugant receiver cells. B) A 

parallel F1 plasmid conjugation system was developed using split MHT. In 

this system, a gene of an SMHT fragment (smht2) is chromosomally 

integrated into the F1 plasmid of the donor strain, and that of the other 

fragment (smht1) is integrated into the genome of the receiver strain. 

Although both genes are expressed under Ptet for parallel comparison with 

the wildtype MHT system, the lack of TetR gene in both strains makes the 

genes constitutively expressed. Conjugation of F1 plasmid enables co-

expression of the two genes within the same cellular system, allowing the 
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protein fragments to interaction and yield halomethane signal. C) 

Preliminary data suggest that split MHT can report on F1 plasmid 

conjugation between E. coli strains. While individual cultures of donor (D) 

and receiver (R) strains produced below-detectable level of bromomethane, 

their co-culture yielded a detectable level of signal. The cultures were grown 

for 24 hours at 30 oC. WtMHT positive control represents bromomethane 

output from an overnight culture of transconjugant receiver cells from the 

wildtype conjugation system (A). This experiment was done in a single 

replicate. D) Three transconjugant colonies (Tc) of split MHT conjugation 

system from (C) were grown for 24 hours, and their bromomethane 

accumulation was measured. Three non-transconjugant receiver colonies (R) 

were used for the negative control. 

 

III.1.3. Investigate whether SMHT can monitor specific conjugation in a 

heterogeneous culture. 

Horizontal gene transfer (HGT) refers to non-vertical flow of genetic 

material among organisms within a system, and it is an important aspect of 

microbial interaction and evolution in soil (Aminov, 2011; Chen et al., 

2019). To introduce molecular tools to monitor HGT in soil, wildtype MHT 

was used previously to monitor F1 plasmid conjugation between donor and 

receiver E. coli strains. The system consisted of F1 plasmid harboring 

wildtype MHT gene under tetracycline operator. The protein expression is 

repressed in the donor strain with TetR gene but enabled in the receiver 

strain without TetR (Fig. 3.1a). Although it was successful in doing so, the 

system had a couple of limitations that were innate to transcriptional 

regulation of gene expression. First, the gas signal could be observed from 
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any plasmid recipient not limited to the target receiver strain. This feature 

can be overlooked in a homogeneous culture, but in a heterogeneous 

community, such as soil, different species will incorporate the target plasmid 

at different rate and express MHT at different rate, complicating 

interpretation of the signal obtained. Second, background gas signal is 

observed from the donor strain that fail to maintain minimal TetR 

concentration after rounds of cell division, making the data interpretation 

even harder.  

 The downsides of MHT conjugation system can be addressed with 

post-translational control of the output reporter protein. SMHT conjugation 

system was built in parallel with the wildtype version. In this system, the 

donor and receiver strains are free of transcriptional regulation. A protein 

fragment is incorporated in the F plasmid of donor, and the other fragment is 

in the genome of the receiver strain. Upon conjugation, the transconjugant 

receiver strain expresses both SMHT fragments to yield gas signal (Fig. 

3.1b). SMHT conjugation system is optimal for monitoring a target plasmid 

movement to the target receiver strain in a heterogeneous microbial 

community. Lack of signal from individual SMHT fragments prevent 

nontarget receivers of the plasmid to yield any signal. Preliminary data 

suggested that individual donor and receiver strains do not produce 
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halomethane even after 24 hours of incubation. When the donor and receiver 

cells are grown together, a gas signal is detected. This system was left at the 

preliminary stage for the interest of publication. However, it is an extremely 

strong tool to study plasmid conjugation among cells in soil or wastewater 

system and should be followed up once SMHT biosensor is fully developed.  

Figure. 3. 2. Current vision on increasing reporter gas types by 

engineering specialist MHTs. Wildtype MHT can be engineered to become 

three separate gas reporters using directed evolution and rational protein 

engineering approaches. Specialist MHTs will be developed by altering 

halogen specificity of MHT to discriminate for a single species of halide in 

the presence of all three ions. Creating specialist MHTs increase the overall 

number of output gas types by two, enabling more complex and more in-

depth examination of microbial phenomena within soil.  

 

III.2. Specialist MHT Protein engineering 

III.2.1. Explore different gas producing proteins for additional gas 

types.  

Another limitation of the current gas bioreporter technology is the 

lack of variation in gas types. There are a couple of ways that different gas-

producing proteins can be incorporated. First, different options of gas-
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producing proteins can be explored in nature. For example, fluoroacetate is 

another gas type that demonstrates optimal characteristics for a signal gas 

(Murphy et al., 2003) and is currently being researched. More types of gases 

can also be found and incorporated in this way, but it is proving to be 

difficult. First, it is difficult to find gas type that has minimal interaction 

with chemical and cellular components in soil. Second, metabolic pathway 

for the gas molecule should be simple enough for strain engineering in the 

cells. Third, the substrates for the gas molecule production should be amply 

available for the soil microbe. Therefore, discovering the right type of gas 

molecule is a challenging process. 

 Protein engineering can be used on the current gas-producing proteins 

to produce different or separate types of gas molecules. For example, many 

MHTs produce three different gases: chloromethane, bromomethane, and 

iodomethanes (Fig. 3.2). In theory, MHTs could be engineered to accept 

only one of the three halide species, and halomethane gas can be made into 

three separate categories which can be used in parallel to report on multiple 

signal inputs. This type of engineering would require that a high-throughput 

screen be established for quantifying the substrate specificity of MHT 

mutants. Then methods like error-prone PCR could be used to create 
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sequence diversity in natural MHTs, and those libraries of mutants could be 

screened for variants that exhibit specificity for a single halide.  

III.2.2. Address low screening throughput issue from GC-MS. 

Directed evolution is a common method of engineering a protein. In 

directed evolution, a gene of interest is exposed to a mutagenic source. One 

or a group of mutated genes are selected based on an artificial selection 

pressure. This process is repeated until the desired protein function is 

obtained. MHT mutants can be grown in media with both NaBr and NaCl. 

Mutants with improved halogen specificity will be chosen by measuring 

both bromomethane and chloromethane output via GC-MS, and the process 

is repeated until satisfactory level of specificity is obtained. Non-selected 

halides will serve as competitive inhibitor of the target halide species. For 

example, to screen for bromide specialist MHT, excess amount of chloride 

will be introduced. If a mutation affects the halogen specificity of the 

protein, the saturated output value for chloromethane should be lowered 

compared to the previous mutant, and increased bromomethane output 

should be observed in relation. However, it should be noted that this 

approach is largely limited by the low sample throughput of GC-MS. Unlike 

fluorescence or other colorimetric analysis that screen 100~1000 samples in 

minutes, GC-MS must process individual samples one at a time, and each 
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sample takes about 5~6 minutes, processing 12 samples per hour. It is 

concerning that the screen itself would take too long to go through the entire 

directed evolution processes. Therefore, rational protein engineering 

approach should be accompanied alongside to increase the speed of the 

research and likelihood of finding the right mutant. 

III.2.3. Rationally design and screen for specialist MHTs.  

 Ample information is available on MHT as well as MT. Such 

information was used to generate MHT homolog MSA that revealed two 

conserved domains responsible for SAM and substrate binding interaction 

and to generate homology model of Batis maritima MHT for the insight on 

the mechanism of halide management of the protein. Examples of other 

halide-discriminating proteins can reveal specific amino acid, domain, or 

peptide sequence relative to halogen specificity. Such information can be 

used to narrow down the target amino acids closely related to halogen 

specificity for site-saturated mutagenesis to a manageable size for GC-MS 

screening. In silico analyses, such as modeling and molecular docking, will 

be used to identify likely peptide regions contributing to halogen selectivity. 

Incorporating rational engineering approach alongside the directed 

evolution, the likelihood of developing specialist MHT should increase, 
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widening the gas type availability for more complex soil studies in the near 

future. 

III.3. Methyl transferase (MT) family protein engineering. 

Previous studies suggested that many proteins in class I SAM-

dependent MT family have conserved structural pattern consisting of a SAM 

binding domain, a flexible linker, and a substrate binding domain. MSA of 

MHT homologs revealed the domain pattern that seemed to correlate with 

the known structural pattern of MT proteins. Based on this observation, it is 

hypothesized that MSA of other MT proteins may demonstrate similar 

domain conservation patterns. If so, it would be possible to generate a large 

number of split MT proteins with various methylation substrates. In the 

future, the method used to create SMHT should be used on different MTs 

with academic, industrial, or medical benefits to introduce post-translational 

control. By creating split MTs, various DNA/RNA/Protein methylation 

processes can be controlled. Fusion with appropriate protein pairs will 

enable methylation initiation under the presence of specific molecular cue. 

Such tools have the potential to serve as important synthetic parts for 

metabolic engineering and synthetic biology. With just two constitutive gene 

expression in cells, a significant part of the host’s metabolic pathway or 

other cellular function can be controlled via methylation. 
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 Protein engineering of MHT and MT allows to overcome limitations 

of the original proteins. Engineered MHT offers improved utility for gas 

bioreporter in soil and also opened up the possibility of creating various split 

proteins in MT family with great potentials in academics, medicine, and 

industry. The future direction is very clear for gas bioreporters and 

actualizing these goals will certainly improve the adaptation of gas 

bioreporter technology to study soil microbes. 



 

 

 

Materials and Methods 

Materials. Chemical inducers and antibiotics were from Research 

Products International and Sigma-Aldrich; rapamycin and FK506 were from 

Tokyo Chemical Industry. All other chemicals were from Sigma-Aldrich, 

VWR, or BD Biosciences. DNA was synthesized by Integrated DNA 

Technologies; enzymes for molecular biology were from New England 

Biolabs and Thermo Fisher Scientific; and kits for DNA and plasmid 

purification were from Zymo Research and Qiagen, respectively. Vials for gas 

measurement were from Phenomenex. Escherichia coli XL1 was used for all 

DNA manipulations, whereas gas reporter experiments utilized E. coli 

MG1655, XL1, and CS50 strains. 
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MHT sequence profile. MUSCLE (Multiple Sequence Comparison by 

Log-Expectation) MAFFT (Multiple Alignment Using Fast Fourier 

Transform) was used to generate a multiple sequence alignment of 84 MHT 

protein homologs (Bayer et al., 2009). These proteins synthesize methyl 

halides upon heterologous expression in E. coli (Bayer et al., 2009). Positional 

amino acid sequence variability was calculated as the number of unique amino 

acids observed at each MHT native site. Any sites containing a gap in one 

MHT sequence were given a value of 20. At each position, we report the 

positional variability as the average of a sliding window of fourteen residues, 

which is numbered relative to the B. maritima MHT primary sequence. 

Growth medium. All growths related to DNA construction were 

performed in Lysogeny broth (LB) containing antibiotics specific to 

transformed plasmid resistance gene. Experiments characterizing the cellular 

activity of split MHT (SMHT) utilized a modified M63 liquid medium 

containing 100 mM NaBr as the only salt in this medium. In a previous study, 

this concentration of NaBr yielded a near maximal signal with native MHT in 

Escherichia coli without affecting cell growth (Cheng et al., 2016).  

Plasmids. A plasmid (pET-MHT) that uses a Plac promoter to express 

Batis maritima MHT was created by inserting the gene encoding this MHT 

into pET-28b using standard cloning. A unique NotI restriction site was 
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inserted after the codon encoding residue 113 to create pET-MHT-NotI 

plasmid by PCR amplification of the full plasmid with primers containing this 

restriction site and circularizing the amplicon using Golden Gate assembly 

(Engler et al., 2008). To create vectors that express MHT fragments fused to 

different proteins, we subcloned the DNA inserts described above into the 

NotI restriction site, including sz-kanR, ek-kanR, ay-kanrR, ff-kanR, and gg-kanR 

(Thomas et al., 2017). This step yielded vectors that express MHT fragments 

fused to SYNZIP-17 and SYNZIP-18 (pET-SMHT-SZ1718), SYNZIP-18 

only (pET-28b:SMHT-SZ18), CheA and CheY (pET-28b:SMHT-CheAY), 

CheY only (pET-28b:SMHT-CheY), FRB and FKBP (pET-28b:SMHT-

FRB/FKBP), glutaredoxin 2 (pET-28b:SMHT-Grx), and nonfunctional 

glutaredoxin C37A mutant (pET-28b:SMHT-GrxC37A) (Hoff et al., 2009). 

To create vectors that only express the individual MHT fragments fused to the 

different SYNZIP peptides, pET-28b:SMHT-SZ1718 was PCR-amplified 

without one of the two open reading frames included. The resulting amplicons 

were circularized using Golden Gate to yield vectors that express only 

SMHT1-SYNZIP-17 (pET-28b:SMHT1-SZ17) and only SMHT2-SYNZIP-

18YYY (pET-28b:SMHT2-SZ18). 

To create vectors that constitutively express SMHT-SZ1718, the open 

reading frames encoding MHT fragments fused to SYNZIP peptides were 
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PCR amplified from pET-28b:SMHT-SZ1718 and cloned into pSAC01.Ptrc 

plasmid using Golden Gate assembly. The resulting plasmid 

(pSAC01:SMHT-SZ1718) uses P14 constitutive promoters that can be 

repressed by TetR  (Mutalik et al., 2013). In E. coli MG1655 there is no TetR 

gene, so this plasmid exhibits constitutive expression. 

To create a plasmid for expressing MHT fragments fused to fluorescent 

proteins, the genes encoding GFP and RFP proteins were PCR amplified and 

cloned into vector pSZ007.35. This cloning yielded a plasmid 

(pSZ007.35:SMHT-SZ17/18) that expresses SMHT1-SYNZIP17-GFP under 

the Ptet promoter and RFP-SYNZIP18-SMHT2 under the Plac promoter. These 

constructs contain a flexible (GGGGS)3 linker between all protein-protein 

junctions. To create vectors that use two inducers to control the expression of 

these protein fusions, the genes encoding each protein fusion were PCR 

amplified and ligated into the pSZ007.35 plasmid using Golden Gate 

assembly to create pSZ007.35:SMHT1-17-GFP:SMHT2-18-RFP. 

Headspace gas analysis. Each E. coli colony was used to inoculate 

cultures containing modified M63 media and grown in a 15-mL aerated test 

tube overnight at  37°C and 350 rpm. This culture was diluted to 1:100 into 

the M63 medium and grown to exponential phase (OD600 between 0.5 and 

0.6). The mid-log culture (1 mL) was added to a 2-mL VEREXTM glass vial 
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(wide mouth) and induced to express protein with the indicated chemicals. 

The vial was immediately capped with VEREXTM crimp top (11mm diameter, 

PTFE/Sil, silver) using a crimper and incubated at a specified temperature for 

24 hours at 250 rpm.  Methyl bromide accumulation was then analyzed on a 

gas chromatography mass spectrometer (GC-MS) for gas production using an 

Agilent 7820A gas chromatograph (GC) and a 5977E mass spectrometer 

(MS).  

Samples were loaded onto an Agilent 7693A autosampler connected to a 

cooling/heating tray controlled by a water bath (Thermoscientific SC100-S7, 

4L, with PID temperature control). Headspace gas (50 µL) was drawn from 

samples following the indicated incubation times and injected to the GC using 

a 100 µL gastight syringe (Agilent G4513-80222). Gas separation was 

achieved with PoraPLOT Q capillary column (24 m, 0.25 mm ID, 8 mm film). 

The oven temperature started at 85 °C and ramped at 12 °C per minute to 105 

°C then ramped at 65 °C per minute until 150 °C, holding for 144 seconds at 

this point. The MS was configured for selected ion monitoring mode for 

methyl bromide isotopes (MW= 93.9 and 95.9 for CH3
79Br and CH3

81Br 

respectively). Agilent MassHunter Work Station Quantitative Analysis 

software was used to characterize the gas content for each sample. The minor 
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isotope (CH3
81Br) was used as a qualifier while the peak area of the major 

isotope (CH3
79Br) was used to quantify the accumulated gas per sample.  

A standard curve was generated to convert the peak area values from GC-

MS to the total mass of CH3Br in ng or µg per mL. For liquid culture analysis, 

serial dilutions of a bromomethane analytical standard (100 ug/mL in 

methanol, purchased from Sigma-Aldrich) was made in M63 media to 1 mL 

total volume. The diluted standards were capped airtight in 2 mL VEREX 

glass vials and incubated for two hours at 45 °C with shaking at 270 rpm. The 

standards were then incubated at 30, 33, and 37 °C for two hours to achieve 

equilibrium between the gas and aqueous phases prior to GC-MS analysis. 

After each gas measurement, the vial was uncapped, and the final culture 

density (OD600) was measured in a Varian Cary 50 scan UV-visible 

spectrophotometer to determine composite gas per cell. All incubations were 

done in a shaking incubator at 270 rpm. 

Gas production rate measurements. To measure the effect of 

temperature on the rate of methyl bromide synthesis by split MHT, E. coli 

MG1655 harboring pSAC01:SMHT-SZ1718 plasmid was grown to the 

exponential phase, diluted to 0.1 OD600 in 1 mL media, capped, and incubated 

at different temperatures. Capped samples were incubated for one hour prior 

to methyl bromide measurements using GC-MS. Following gas 
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measurements, the vials were uncapped to measure the change in OD600 and 

aerated with 60 mL syringe using a 18G x 1 needle (20 flushes with 50 mL of 

air) to purge all remaining methyl halide molecules in the liquid phase. The 

sample was then recapped and incubated for an additional hour prior to the 

next rate measurement. The process was repeated six times. 

Cell titration experiment. An overnight culture of E. coli MG1655 

with pSAC01:SMHT-SZ1718 plasmid was washed and serially diluted by 

ten-fold to obtain cell concentrations from 1010 cells/mL down to 105 

cells/mL. Cell numbers were approximated with the estimation that 1.0 OD600 

is approximately 8 x 108 cells/mL (Sezonov et al., 2007). The titrated samples 

of 100 µL were mixed with 900 µL of the modified M63 media and incubated 

for an hour prior to GC-MS analysis. Immediately after gas measurement, 

samples were uncapped, diluted, and plated on LB agar plates to more 

accurately quantify cell number by colony forming unit (CFU). The plates 

were incubated overnight at 37˚C, and the number of colonies was manually 

counted and back-calculated with the appropriate dilution factor for the CFU. 

Gas and fluorescence comparisons. To evaluate the dynamic range of 

SMHT, E. coli XL1 transformed with pSZ007.35:SMHT1-17-GFP:SMHT2-

18-RFP was grown in the presence of varying concentrations of isopropyl-β-

D-1-thiogalactopyranoside (IPTG) and anhydrotetracycline  (aTc) and 
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incubated for 24 hours. Immediately after taking gas measurement for each 

vial, samples were placed on ice to limit metabolic activity. Once the gas 

measurement was complete, cells from every sample were pelleted by 

centrifugation, washed with phosphate buffered saline (PBS) buffer 

containing 1 mg/mL chloramphenicol, and incubated at 37°C incubator for an 

hour for GFP and RFP fluorophore maturation (Daeffler et al., 2017). Excess 

chloramphenicol (712.5 µg/mL) was added to stop additional protein 

translation. Samples (100 µL each) were then arrayed in a 96 well plate. A 

TECAN M1000 Pro plate reader was used to measure the optical density 

(absorbance 600 nm) and green (excitation 501 nm, emission 515 nm) and red 

(excitation 550 nm, emission 611 nm) fluorescence. Relative fluorescence 

was calculated by dividing raw fluorescence value by OD600 value per sample.  
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