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Abstract 

Dimethylsulfide (DMS) is a volatile organic sulfur compound (VOSC) that makes up 

about 70% of the atmospheric sulfur flux. Its ability to increase cloud formation, thereby 

lowering solar radiation, makes it an important gas to investigate for climate cooling options 

in the battle against global warming. DMS has an active role in linking the global sulfur cycle 

from the oceans to the atmosphere. There have been few enzymes characterized in the 

degradation of DMS. Dimethylsulfide monooxygenase is an enzyme that was purified and 

characterized from the soil bacteria Hyphomicrobium sulfonivorans (H. sulfonivorans) as a 

flavin mononucleotide dependent two-component monooxygenase. The A subunit, referred to 

as DmoA, is a putative monooxygenase, and the B subunit, referred to as DmoB, is a putative 

flavin reductase. The sequence identity of the dmoA gene is known. However, there are two 

dmoB gene candidates on the same operon that encode for putative flavin reductases.  

Protein isolation and purification from H. sulfonivorans indicates that the DmoA and 

DmoB subunits coexpress. Attempts to recombinantly express the subunits separately have 

yielded some promising results, but improvement in regards to protein expression of the B 

subunit and catalytic activity of the DmoA monooxygenase subunit is needed. DmoA and one 

of the flavin reductase candidates, referred to as DmoB176, have been co-expressed using the 

two plasmid approach in BL21DE3 E. coli. The dmoA gene is located on a plasmid containing 

ampicillin resistance and the pBR322 replicon, whereas the dmoB176 gene has been cloned in 

a vector containing kanamycin resistance and the p15A replicon. The dual plasmids were co-

transformed in BL21DE3 E. coli, expressed, and purified via affinity chromatography. Initial 

data confirms expression of the DmoA monooxygenase protein at Mr of 53 kDa and DmoB176 

at Mr of 19 kDa based of its amino acid sequence. Current research is being performed to 
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standardize the co-expression procedure in order to measure enzymatic activity downstream.  
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Chapter I: Relevance  

Introduction 

Global Warming  

Global warming is a persistent cause of public health concern, with the federal 

government, researchers from diverse areas of science, and even the public taking an active 

interest in climate change. The resulting change in weather patterns can pose deleterious effects 

for natural habitats, wildlife, and human health. Specifically, during the winter months, when 

temperatures are low, pathogens such as Phytophthora cinnamon, Ophiostoma novoulmi, and 

Ophryocystis elektroschirrha are killed.8 Evidence shows that without reversing the warming 

trends, winter months will become warmer, more pathogens will survive, and an increase in 

disease spread among plants and animals will likely occur.8 Warmer temperatures can also 

affect the survival patterns of mosquitos and ticks, resulting in heightened transmission of 

Lyme disease and West Nile virus. Efforts to support climate cooling may lead to downstream 

applications in the defense against these conditions.4 

Solar Radiation Management  

Although the effects of global warming have been greatly studied, controversy exists 

on the most effective methods of mitigation. Cost and secondary effects, such as acid rain must 

be considered with climate cooling strategies. The most obvious way to stop global warming 

is to cut greenhouse gas emissions, however, globalization, a dependence on fossil fuels and a 

lack of alternate, clean energy sources require more practical ideas to be pursued.15 One avenue 

under consideration is solar radiation management (SRM). This approach involves reflecting 

radiation away from the atmosphere and back into space, thereby controlling the climate 

cooling.24 It has been suggested that the injection of certain aerosols into the atmosphere 
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increase cloud condensation nuclei (CCN), and thereby reflect radiation back into space.12 An 

important element being analyzed for this purpose is sulfur. 

Sulfur Cycle and CLAW Hypothesis  

 Sulfur is an essential element in biochemistry as it is involved in metabolism, catalysis, 

and structural roles.  This diversity in function arises from the vast redox states sulfur can form 

from highly reduced at -2 to oxidized at +6. Its role in global sulfur cycling includes anaerobic 

microbe respiration, atmospheric degradation, cloud formation and acid rain. Due to its low 

vapor pressure, sulfur readily volatilizes and can generate volatile organic sulfur compounds 

(VOSCs) which have been linked to climate change.6 Dimethylsulfide (DMS), with the 

formula CH3SCH3 (Figure 1), is the most abundant VOSC as it makes up 70% of the global 

sulfur cycle.3 DMS is generated from both biological and anthropogenic processes. 

Anthropogenic processes include the burning of fossil fuels, paper production, and waste water 

treatment plants. Biological sources of DMS include release by oceanic phytoplankton and 

coral reefs.1 

 
Figure 1. Chemical structure of DMS 

 
DMS is a degradation product of dimethylsulphoniopropionate (DMSP). DMSP is 

enzymatically generated from phytoplankton and its major role is as an osmolyte, meaning it 

helps maintain the ionic balance of a cell. The degradation of DMSP to DMS by the enzyme 

DMS lyase (Figure 2) generates the predominate source of biogenic DMS. The formation of 

DMS by DMSP lyase links the global sulfur cycle from the oceans to the atmosphere in a 

negative feedback loop described by the CLAW (an acronym for the last names of the authors) 
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hypothesis (Figure 3). It is hypothesized that water warmed by the sun increases growth of 

phytoplankton, causing them to produce DMSP, which can be degraded to DMS, thereby 

increasing the amount of DMS released into the atmosphere.19 Once in the atmosphere, DMS 

is oxidized to form sulfate aerosols. Sulfate aerosols in the atmosphere lead to an increase in 

cloud condensation nuclei (CCN) and droplet number, which in turn enhances cloud albedo, 

limiting the amount of radiation exposed to the earth. Since less radiation is able to heat the 

atmosphere, DMS is be categorized as a climate-cooling agent.19, 22 This cooling results in a 

decrease in phytoplankton growth and the overall negative feedback cycle. Although the 

conversion of DMSP to DMS by DMSP lyase has been biochemically characterized, the 

characterization of the breakdown of aquatic or terrestrial DMS is lacking.19  

 
Figure 2. Degradation of DMSP to DMS via DMSP lyase19 

 

 

Figure 3. Depiction of the formation and degradation of DMS in the marine environment 
and atmosphere22 
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DMS has been proposed for use in SRM because of its cooling properties. There are 

concerns, however, that injecting DMS into the atmosphere can lead to adverse effects, mainly 

acid rain, due to the generation of sulfate aerosol. Studies show that sulfate aerosols added to 

the stratosphere have longer lifetimes when compared to adding to the troposphere.18 This 

longer lifetime decreases the injected amount and may lessen the threats of acid rain. However, 

before dimethylsulfide can be considered for solar radiation management, its enzymatic 

metabolic degradation pathway must be characterized.   

Dimethylsulfide monooxygenase  

Although DMS is the predominate player in global sulfur cycling, its enzymatic 

degradation pathway has not been fully elucidated. One enzyme involved in DMS degradation 

that has been studied to date is the oxidoreductase dimethylsulfide monooxygenase.2 DMS 

monooxygenase belongs to a family of two-component FMNH2-dependent monooxygenase 

enzymes.23 These enzymes contain a reductase subunit that reacts with a nicotinamide adenine 

dinucleotide (NADH) cofactor to generate a reduced flavin cofactor. The monooxygenase 

subunit requires the reduced flavin to activate molecular oxygen and the substrate. More 

specifically, DMS monooxygenase, belongs to one of six flavoprotein monooxygenase 

subclasses, Class C, in which the enzymes catalyze reactions including hydroxylation, 

sulfoxidation, and desulfonation. It is believed to be unique compared to the other members of 

its class because it has increased activity in the presence of divalent metal cofactors (Fe2+ and 

Mg2+). 

Hyphomicrobium, Arthrobacter, and Thiobacillus are species believed to contain DMS 

monooxygenase enzymes as they are able to grow on DMS as their sole carbon source.10 The 

only DMS monooxygenase isolated from its bacterial source comes from the terrestrial bacteria 
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Hyphomicrobium sulfonivorans (H. sulfonivorans).2 It was originally harvested from garden 

soil and grows as isolates that use DMS, dimethylsulfoxide (DMSO) or dimethylsulfone 

(DMSO2). DMS monooxygenase from H. sulfonivorans contains two subunits like other 

members of this family. A 53 kDa putative monooxygenase subunit, referred to as DmoA, and 

a 19 kDa flavin reductase subunit, referred to as DmoB. There are two flavin reductase genes 

located on the dmo operon containing the dmoA gene encoded by open reading frames (orf) 

176 and orf136 (Figure 4).2 It has been proposed that one of these genes encodes for the native 

DmoB protein. These proteins will be referred to herein as DmoB176 and DmoB136.2 Mass 

spectrometry on natively isolated DMS monooxygenase was unable to definitively identify 

which reductase is the native binding partner of DmoA; however, since orf136 is located next 

to a alkanesulfonate monooxygenase gene, DmoB176 was investigated first.  Alkanesulfonate 

monooxygenase is a well characterized member of the two-component FMNH2-dependent 

monooxygenase enzyme family.2  

 

Figure 4. Operon of H. sulfonivorans highlighting the dmoA gene and dmoB gene 
candidate orf1762 

 
DMS monooxygenase converts DMS and molecular oxygen into methanethiol, water, 

and formaldehyde at the cost of reduced flavin mononucleotide (FMNH2) and reduced 

nicotinamide adenine dinucleotide (NADH) (Figure 5).2 DmoB acts as a NADH-dependent 

FMN reductase, where NADH donates its electrons for the reduction to FMN to FMNH2. The 

FMNH2 then provides the electrons required for DmoA to convert oxygen and DMS into MT 

and formaldehyde. From here, formaldehyde can be assimilated to the serine cycle or converted 

to CO2.
2 The results of the native protein expression by Boden et. al. suggests that subunits A 
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and B tightly associate. Current studies in the Culpepper lab separately express subunits A and 

B recombinantly in E. coli. DmoA expresses in high yield and purity, while both DmoB protein 

candidates are produced predominately as inclusion bodies. Thus far, there has been no 

detected MT conversion in DmoA using chemical reductants and only minimal DmoB176 

catalytic activity by a standard NADH UV-visible biochemical assay. Based off the 

observations of Boden et. al. our hypothesis is that DmoA and DmoB form a tight association 

and the co-expression of both subunits may result in highly active, functional protein. To test 

this hypothesis, both subunits were co-expressed recombinantly in E. coli using the dual 

plasmid approach incorporating differing origins of replication and antibiotic resistance.20 

Figure 5. Model of the oxidation-reduction reaction of the DmoA and DmoB subunits 
in DMS monooxygenase2 
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Chapter II: Molecular Cloning  

Introduction 

Dual Plasmid Approach  

Co-expression is a technique often used to enhance the folding of proteins which may 

have poor solubility and yield when expressed individually. It is also useful in multi-subunit 

protein expression.20 The co-expression of both dmoA and dmoB176 genes by the dual plasmid 

approach was used for this study. The key to this approach is to select a vector with differing 

origins of replication (ori) and antibiotic resistances of the two gene candidates. A vector is a 

DNA molecule that acts as a backbone for the gene of interest to allow recombinant replication 

and expression to occur.14 The ori is a specific DNA sequence that signals DNA polymerase to 

initiate replication, and the selectable antibiotic marker confers resistance of the gene of 

interest.17 Table 1 outlines common plasmid vectors with their respective antibiotic resistances 

and origins of replication; those used in these studies are bolded. Co-expression requires 

selecting two vectors from differing incompatibility groups.17 

Table 1. Common vectors with their ori and incompatibility group17 

 

When vectors for co-expression with the same ori are used, the plasmids can compete 

inside the cell, leading to one being less amplified than the other.20 To avoid this issue, the 

Common	Vectors ORI Incompatibility	Group

pET pBR322 A

pSAM p15A B

pSC101 pSC101 C

pUC pMB1 A

pR6K R6K C
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dmoA gene was inserted into a pET21a vector with the pBR322 ori, and ampicillin resistance, 

and the dmoB176 gene was subcloned into a pSAM vector containing the p15A ori and 

kanamycin resistance in order to confer co-expression compatibility (Figure 6).21 

Figure 6. Comparison of the pET-21a and pSAM vectors used for dmoA/dmoB176 
coexpression 
 

The Strasbourg lab has demonstrated successful co-expression using this dual vector 

approach on a two-subunit primase complex in E. coli, in which one of the two subunits 

contained catalytic activity.5 The Furuya lab co-expressed a flavin reductase gene and a 

dibenzothiophene monooxygenase, similar to DMS monooxygenase, also using this approach.7 

They selected co-expression due to the large distance between the genes of interest on the 

operon; they found that genes further apart have greater difficulty expressing separately. Since 

dmoB176 is upstream of dmoA on the dmo operon, and the promoter and E. coli cell line used 

in the Furuya study are the same as those used in this work, the hypothesis gained support.  

Materials and Methods  

pSAM stab culture: A stab culture of the pSAM vector containing a p15A ori in DH5α E. 

coli was purchased from Addgene.21 Under sterile conditions, an inoculation loop was used to 

streak the pSAM stab culture for colony isolation onto a Luria agar plate containing 50 µg/mL 

kanamycin and incubated overnight at 37°C. A single pSAM colony was then picked under 
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sterile conditions, and placed in Luria broth (LB) media containing 50 µg/mL kanamycin and 

incubated overnight at 37°C and 220 rpm. The next day, pSAM plasmid was isolated via a 

QIAprep Spin MiniPrep kit (Qiagen). 

dmoB176 Gradient PCR (Polymerase Chain Reaction): PCR was performed on dmoB176 

in a pET-28b (Novagen) vector. Each reaction tube contained; 1X MasterMix (0.05 U/µL Taq 

DNA polymerase, 4 mM MgCl2, 0.4 mM of each dNTP) (Thermo Fisher Scientific), 0.2 µM 

forward primer (5’-GTCGAGCTCGAGCTGTACCC-3’), 0.2 µM reverse primer (5’-

GATCCTCGAGCTCGAGGCTGG-3’), and ~ 50ng dmoB176 template. The mixture was then 

split into 5 50-µL aliquots and placed into the thermocycler (MJ Research). A gradient of 

annealing temperatures was used to amplify the DNA: 55.0°C, 56.7°C, 59.3°C, 62.4°C, and 

65.0°C. The PCR program followed the conditions in Table 2 followed by a PCR clean-up 

(Qiagen) step. The results were analyzed by agarose gel electrophoresis.  

Table 2. PCR thermocycler conditions for dmoB176 amplification 

 
 
Agarose gel electrophoresis: A 1% agarose gel matrix was made by combining agarose 

powder (Fisher Scientific), 1X TE buffer (0.04 M Tris acetate, 1 mM EDTA), and DNA-safe 

stain (Invitrogen) in a 250-mL Erlenmeyer flask and heated until dissolved. When 

homogenous, the mixture was poured into the casting mold and an 8-well comb was placed. 

Once solidified, the samples containing 1X loading dye (10 mM Tris-HCl (pH 7.6) 0.03% 

bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol 60 mM EDTA) (Thermo Fisher 

Temperature	(°C) Time Number	of	Cycles
95 3	min 1
95 30	sec 30

Variable	Temperature 45	sec 30
72 1	min 30
72 5	min 1
4 Forever
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Scientific), as well as the molecular weight marker (GeneRuler 1 kb) were loaded. The gel was 

run for 60 minutes at 140 V and was then analyzed by UV light (FOTODYNE).   

Restriction enzyme digest: In separate 1.5-mL Eppendorf tubes, the pSAM plasmid and 

dmoB176 PCR product were combined with CutSmart buffer (50 mM potassium acetate, 20 

mM tris-acetate, 10 mM magnesium acetate, 100 µg/mL BSA, pH 7.9) (New England 

BioLabs/NEB), 2 units/µL SacI (NEB), 2 units/µL XhoI (NEB), and nuclease free water. Both 

mixtures were digested at 37°C for at least 15 minutes then analyzed via agarose gel 

electrophoresis. 

Ligation: In a 1.5-mL tube, digested pSAM vector and digested dmoB176 PCR product were 

combined with 50mM Dithiothreitol (DTT) (Thermo Fisher Scientific), 1X ligase buffer (50 

mM Tris-HCl, 10 mM MgCl2, 10 mM Dithiothreitol 1 mM ATP, pH 7.5) (NEB), and ligase 

(NEB) and incubated at 16 °C overnight. The mixture was transformed in E. cloni competent 

cells (Lucigen), plated on a 50 µg/mL kanamycin-LB plate, and incubated at 37°C overnight. 

A starter culture was made with sterile LB media, 50 µg/mL kanamycin, and a single colony 

from the plate. After an overnight incubation at 37°C at 220 rpm, the cell pellet was isolated, 

resuspended, and the plasmid was isolated by QIAprep Spin MiniPrep kit (Qiagen). 

The ligation reactions were tested for insert by small scale restriction enzyme digestion. 

The dmoB176/pSam ligation plasmid, 2 units/µL SacII (NEB), 2 units/µL XhoI, and CutSmart 

(50 mM potassium acetate, 20 mM tris-acetate, 10 mM magnesium acetate, 100 µg/mL BSA, 

pH 7.9) buffer (NEB) was digested at 37°C for 15 minutes. The digested vector was analyzed 

via agarose gel electrophoresis and plasmids containing a band corresponding to the dmoB176 

insert were sent for Sanger sequencing (Eurofins genomics) for verification.  
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Results and Discussion  

 The pSAM vector in DH5α E. coli cells was successfully streaked on a kanamycin 

resistant LB agar plates and single colonies were isolated (Figure 7). The dmoB176 gene was 

amplified successfully by gradient PCR as demonstrated in the gel in Figure 8. Under the 

experimental conditions in Table 2, dmoB176 shows amplification under all of the annealing 

temperatures ranging 55°C to 65°C. Since dmoB176 is 531 bp, the band at ~500 bp in each 

lane indicates that PCR was successful (the PCR primers were compatible) over all variable 

annealing temperatures. 

 

Figure 7. Single colony isolation of pSAM in DH5α on 50 µg/mL kanamycin- LB agar

 
Figure 8. 1% Agarose confirming successful amplification of dmoB176 over all annealing 

temperatures in the 55°C to 65°C gradient  
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After PCR amplification, both the dmoB176 and pSAM were digested with XhoI and 

SacI restriction endonucleases. The digestion was proven successful after analysis via agarose 

gel electrophoresis.  

 Digested insert (dmoB176) and vector (pSAM) were joined together via ligation. The 

ligation reactions were transformed in the DH5α competent E. coli cell line. A negative 

control, consisting of cut vector, was also plated. Both the negative control and gene/vector 

ligation reactions were performed at 16°C are shown below (Figure 9). The negative control 

of the digested insert was expected to produce no colonies as it contains no insert and therefore 

is not circular. We observed no colonies on the negative control, indicating the colonies from 

the ligation mixture likely contained our dmoB176 gene. 

 

 

Figure 9. Comparison of the ligation negative control (left) and successful ligation (right) of 
dmoB176 in pSAM plated on 50 µg/mL kanamycin- LB agar  

 
Plasmids generated from the transformed ligation reaction were digested with XhoI and 

SacII. A SacII site was engineered into the pSAM vector to screen ligation conditions.21 The 

digested ligation was analyzed with gel electrophoresis and was a success due to a band at the 
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expected size of 510 bp corresponding to the DNA sequence of dmoB176. In order to verify 

the insert was present in the pSAM vector, the plasmids were analyzed by Sanger sequencing. 

The ligation reaction sequence was compared to the DNA sequence of dmoB176 (Figure 10), 

which showed 100 % alignment confirming the ligation worked. The dmoB176/pSAM vector 

was then used for subsequent protein expression screening. 

 

Figure 10. Sequencing alignment verifying the insertion of dmoB176 in the pSAM vector. 
The top row is the DNA sequence of dmoB176 and the bottom row is the sequence from the 

ligation reaction. 
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Chapter III: DmoA/DmoB176 Protein Expression Optimization and Characterization 
Introduction:  

Recombinant protein expression is performed on genes that are controlled by a single 

promoter. A promoter is a sequence of DNA that initiates transcription of the genes of interest. 

RNA polymerases attach to the promoter, separate the two strands of DNA, and transcribe the 

nucleotides of the DNA template strand to RNA. Translation occurs when three nucleotides, 

or codons, are translated into amino acids by ribosomes, forming the protein sequence.9 In 

prokaryotes, transcription and translation are coupled and occur at the same time.  

The way in which a protein is expressed depends on the structure of the operon 

containing the gene of interest. The dmoA and dmoB176 genes are present on the lac operon 

with a T7 promoter. The lac operon is needed for bacteria, such as E. coli, to metabolize 

lactose, a sugar used when glucose is deficient. When there is no lactose, a repressor binds to 

the operator and prevents translation. However, when there is lactose present, allolactose binds 

to the repressor, removes it from the operator, and allows protein synthesis to occur.9 When 

co-expressing DmoA and DmoB176, Isopropyl β-D-1-thiogalactopyranoside (IPTG), an 

allolactose mimicking sugar, is used for induction. This then stimulates translation of the genes 

of interest.9 

Prior to induction, protein expression takes place in liquid LB media, which provides 

nourishment for E. coli replication. E. coli cells grow exponentially on a log scale and can be 

monitored by measuring the optical density at 600 nm (OD600). Once they reach an OD600 of 

0.4-0.6, they are in mid-log phase, meaning the cells are rapidly reproducing and should be 

induced with a sugar to amplify protein production, and thereby amplify yield (Figure 7).  
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Figure 11. Graph of the logarithmic growing scale for E. coli cells in LB media 

 
Ideal Expression Conditions  

 Past work in the Culpepper lab has included optimizing growth conditions for the 

individual expression of DmoA and DmoB176. Previously, DmoA and DmoB176 have been 

expressed separately in different competent E. coli cell lines at different temperatures. These 

conditions were used to investigate co-expression of both subunits. In addition, the expression 

of DmoB176 in the pSAM vector was performed to ensure expression of the protein by itself. 

The efficacy of competent cell lines, growth temperatures, and growth durations were all 

explored.  

Materials and Methods 

Protein Expression 

dmoB176-pSAM expression studies: 

Cell Transformation of dmoB176-pSAM: Under sterile conditions, dmoB176-pSAM plasmid 

was added to BL21DE3 E. coli competent cells (Lucigen) in a 1.5-mL Eppendorf tube and 

incubated on ice for thirty minutes. The tube was then heat shocked in a water bath at 42°C for 

45 seconds, followed by another two-minute incubation on ice. SOC recovery media (Lucigen) 
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was added and the cells incubated at 37°C at 220 rpm for one hour. Under sterile conditions, 

the mixture was plated on LB-agar containing 50 µg/mL kanamycin, and incubated overnight 

at 37°C.  

Expression of DmoB176: Aseptically, a starter culture was prepared with LB media, a single 

colony from the BL21DE3 cell transformation, and 50 µg/mL kanamycin. It was incubated 

overnight at 37°C and 220 rpm. A 2.5-L flask (Thomson Ultra Yield Solution) containing 1.0 

L sterile LB media, 50 µg/mL kanamycin and starter culture was incubated at 37°C and 220 

rpm. The culture was monitored by UV-VIS spectrophotometry (Agilent Technologies) until 

the optical density at 600 nm (OD600) was 0.4-0.6. The culture was induced with 1 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG) sugar (Chem-Impex Int’l. Inc.) and grown at 

37°C and 220 rpm for three hours. The cells were then harvested via centrifugation (4,200 rpm, 

4°C, 15 minutes) and stored at -20°C for future use.  

Dual plasmid dmoB176-pSAM and dmoA-pet21a co-expression studies: 

Cell Transformation of dmoA and dmoB176: Under sterile conditions, dmoA-pET21a and 

dmoB176-pSAM plasmid were added to BL21DE3 E. coli competent cells (Lucigen) in a 1.5-

mL Eppendorf tube and incubated on ice for thirty minutes. The dual plasmid transformation 

required 50 ng of each plasmid to obtain single colonies. The tube was then heat shocked in a 

water bath at 42°C for 30 seconds, followed by another two-minute incubation on ice. SOC 

recovery media (Lucigen) was added and the cells incubated at 37°C at 220 rpm for one hour. 

Using sterile conditions, the mixture was added to an LB agar plate containing both 50 µg/mL 

kanamycin and 100 µg/mL ampicillin, and incubated overnight at 37°C before long-term 

storage at 4°C.  Cell transformations using C41DE3 (Lucigen) and SHuffle T7 (NEB 

biosciences) cells followed the same procedure. 
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Protein Pilot Co-expression of DmoA and DmoB176: Under sterile conditions, starter 

cultures were made containing LB media, 1 colony from the cell transformation in either 

BL21DE3, C41DE3, or SHuffle T7 cells (in order to screen for expression under different cell 

lines), and 50 µg/mL kanamycin and 100 µg/mL ampicillin, followed by incubation overnight 

at 37°C and 220 rpm. Two 250-mL Erlenmeyer flasks per cell line (6 total flasks) containing 

100 mL sterile LB media, 50 µg/mL kanamycin, 100 µg/mL ampicillin, and starter culture 

were incubated at 37°C and 220 rpm until the optical density at 600 nm (OD600) was 0.4-0.6. 

One culture was induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) sugar and 

grown at 37°C at 220 rpm for three hours. The other culture was placed at 4°C for three hours, 

induced with 1 mM IPTG, and grown overnight at 16°C and 220 rpm. The cell harvest and 

lysis were performed as listed under “Expression of DmoB176” (above). Large scale co-

expression studies also utilized this method. 

Protein Purification and Analysis 

Cell Lysis: The cell pellet was resuspended in 50mM Tris, 500 mM NaCl, pH 8.0 buffer 

containing a protease inhibitor cocktail powder (ThermoFisher Scientific) and lysozyme 

(ThermoFisher Scientific). The mixture was rocked at room temperature for 15-30 minutes. 

The cells were lysed via sonication (Qsonica) for ten minutes (10 seconds on, 30 seconds off, 

amplitude 40). The crude lysate mixture was centrifuged for 45 minutes at 4°C and 11,000 

rpm. The crude lysate was collected, followed by purification via HiTrap Nickel affinity 

chromatography (GE Healthcare) described below. All cell pellets followed this protocol with 

the exception of the large-scale growth, which removed the addition of lysozyme. 

Affinity Chromatography: Two buffers were prepared; buffer A: 50 mM Tris pH 8.0, 500 

mM NaCl, 20 mM imidazole, buffer B: 50 mM Tris pH 8.0, 500 mM NaCl, 500 mM imidazole. 
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Before each purification, a 5-mL HiTrap Nickel affinity column (GE Healthcare) that 

recognizes the His6-tag on the plasmid was washed with 5 column volumes (CV) of DI H2O, 

followed by 5 CV 0.05 M EDTA buffer, and an additional 5 CV of DI H2O. 0.5 CV of 0.1 M 

NiSO4 was applied to the column and then rinsed with 5 CV DI H2O. The column was then 

equilibrated with 10 CV of buffer A.   

A blank run was performed on the column at a flow rate of 1 mL/min with 10 CV DI H2O, 10 

CV buffer B, 20 CV buffer A. At 4°C, the crude lysate was loaded onto the column at 1 mL/min 

and washed with 40 CV buffer A. A linear gradient from 0% to 100% buffer B over 15 CV 

was performed at 1 mL/min and fractions were collected. The column was washed with 10 CV 

buffer A, followed by 30 CV DI H2O. The results were analyzed via SDS-PAGE. 

Preparing a 15% SDS-PAGE gel: The gel casting apparatus (BioRad) was constructed by 

rinsing two glass plates in 20% ethanol, placing them together and securing them to a rubber 

pad to prevent leakage. Two 15% SDS-PAGE resolving gels (0.38 M Tris-HCl pH 8.8 buffer, 

37% deionized water, 14.4% acrylamide (BioRad), 0.05% ammonium persulfate (APS) 

(BioRad), 0.10 % sodium dodecyl sulfate (SDS), and 1 % tetramethylethylenediamine 

(TEMED) (BioRad)) were prepared. The liquid mixture was inverted several times and applied 

between a gap in the glass plates. N-butanol was added to the top of the solution and removed 

once the gel polymerized.   

Stacking gels (0.12 M Tris-HCl pH 6.8 buffer, 60% deionized water, 5.15% 

acrylamide, 0.05% APS, 0.12% SDS, and 2% TEMED) were prepared and the mixture was 

applied to the gel plates, followed by the insertion of the well comb. Once hardened, the well 

comb was removed and the plates were placed in the electrophoresis container filled with 

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS at pH 8.3). Reducing buffer (312.5 
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mM Tris-HCl pH 6.8, 50% glycerol, 0.25% bromophenol blue, 10% SDS, 12.5% β-

mercaptoethanol) was added to the protein samples and boiled for five minutes before being 

loaded on to the gels.  

The gels were run at 200V for approximately 50 minutes followed by incubation with 

Coomassie staining solution (11.1 M methanol, 3.4x10-3 M Coomassie brilliant blue stain, 9.6 

M glacial acetic acid) on a rocker for 10 minutes. They were then transferred into a destain 

solution (9.9 M methanol, 1.2 M glacial acetic acid) until protein bands were visible.   

Colony PCR: PCR was performed on colonies from the dmoB176/dmoA co-transformation in 

BL21DE3 cells. In an Eppendorf tube, MasterMix (0.05 U/µL Taq DNA polymerase, 4 mM 

MgCl2, 0.4 mM of each dNTP) (Lucigen), 0.2 µM dmoB176 forward primer, 0.2 µM dmoB176 

reverse primer, 0.2 µM dmoA forward primer, and 0.2 µM dmoA reverse primer (Table X), and 

nuclease free water were combined and mixed by pipetting up and down. The mixture was 

then split into 15 10-µL aliquots. A single colony from the dual antibiotic plate was picked 

with a pipette tip, swirled in the PCR mix and then touched to a new, gridded, 50 µg/mL 

kan/100 µg/mL amp LB-agar plate. The plate was incubated at 37°C overnight. The tubes were 

placed into the thermocycler (MJ Research), and run under the conditions outlined in Table 2 

described in section “dmoB176 Gradient PCR.” The PCR products were then analyzed via 

agarose gel electrophoresis 

dmoA Gradient PCR: dmoA was amplified using the procedure in “dmoB176 Gradient PCR.” 

The primers used were 0.2 µM dmoA forward primer and 0.2 µM dmoA reverse primer (Table 

3).  

dmoA Colony PCR: dmoA was transformed in the BL21DE3 E. coli cell line and plated on 

100 µg/mL amp LB-agar. Colonies were picked, inoculated in LB media with 100 µg/mL 
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ampicillin, and a plasmid MiniPrep (Qiagen) was performed. MasterMix, 0.2 µM dmoA 

forward primer, and 0.2 µM dmoA reverse primer (Table 3) was combined and mixed by 

pipetting up and down. dmoA/BL21DE3 plasmid was added to four aliquots. Four 

dmoA/BL21DE3 colonies were picked, swirled in four individual aliquots that did not contain 

plasmid, and touched on a new, gridded, 100 µg/mL amp LB-agar plate. The plate incubated 

overnight at 37°C. The tubes were placed in the thermocycler and PCR was performed using 

the conditions outlined in Table 2 (section dmoB176 Gradient PCR) with an annealing 

temperature of 55.0°C. The results were analyzed via agarose gel electrophoresis. 

Table 3. Sequences and melting temperatures for the dmoA and dmoB176 forward and reverse 
primers 

 

Results and Discussion 

Single expression of DmoB176 in the pSAM vector was performed in BL21DE3 cells 

for verification purposes; past works in the Culpepper lab have expressed DmoB176 in the 

pET-28b vector. After growth, the cells were harvested, lysed, and purified using HiTrap nickel 

affinity chromatography. The protein load band corresponds to the flow through fractions after 

loading the lysate and the wash is the fraction after the column is washed with buffer to remove 

non-specific protein binding. SDS-PAGE analysis of the elution fractions shows a faint band 

at ~19 kDa, indicating that the pSAM vector is able to express DmoB176 (Figure 12).  

Primer Sequence
Melting

Temperature	
(°C)

dmoA Forward 5’-GATCGAGCTCATGAAACGTATCGTTC-3’ 64.6
dmoA Reverse 5’-GATCCTCGAGCTCAGCCACCG-3’ 68.4

dmoB176 Forward 5’-GTCGAGCTCGAGCTGTACCC-3’ 64.6
dmoB176 Reverse 5’-GATCCTCGAGCTCGAGGCTGG-3’ 67.7
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Figure 12. SDS-PAGE gel of DmoB176/pSAM expression in BL21DE3 E. coli and 
purification with HiTrap nickel affinity column (GE Biosciences). A buffer gradient with 
imidazole ranging 20 mM to 500 mM was used for elution. A protein band at MW of ~19kDa 
was present in the high imidazole fractions corresponding to DmoB176 expression. 
 
 Pilot co-expression studies were performed using the conditions presented in Table 4. 

After harvesting, lysing, and analyzing the cells from each growth, co-expression using 

Bl21DE3 E. coli and Growth Condition A (Table 4) was deemed optimal as determined by 

SDS-PAGE. Figure 13 compares co-expression in C41DE3 (left) and BL21DE3 cells (right) 

both grown at 37°C for three hours after IPTG induction. The bands at ~55 kDa in the 

BL21DE3 gel were more prominent than those in the C41DE3 gel, indicating that cell line was 

favorable for expression of DmoA; it was selected for further co-expressions. Both gels 

showed intense bands at ~17 kDa, referred to herein as DmoX. Since DmoB176 is an assumed 

19 kDa protein, the DmoX band at ~17 kDa observed in Figure 13 was sequenced by Mass 

Spectrometry (UNC-Chapel Hill) for identification. The mass spectrometry results indicated 

the protein band DmoX was as lysozyme added during the lysis procedure, not DmoB176. To 

test this theory lysozyme was removed from subsequent lysis protocols and the 17 kDa band 

was eliminated, confirming that the band was not DmoB176.   
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Table 4. Comparison of the growth conditions and cells lines assessed for DmoA/DmoB176 
co-expression. The optimum conditions are in bold. 

 

 
Figure 13. Co-expression of DmoB176 (19 kDa) and DmoA (53 kDa) at 37°C and 16C in 

C41DE3 (left) and BL21DE3 (right) E. coli. The cells were lysed and the lysates and pellets 
analyzed at different dilutions with DI H2O. The band at ~15kDa corresponds to lysozyme 

added during the lysis procedure.  
 

Co-expression in BL21DE3 

In three separate large-scale co-expressions of the dmoA and dmoB176 genes, different 

results were produced. Each co-expression was conducted in BL21DE3 cells at 37°C for three 

hours and purified with HiTrap nickel affinity. After SDS-PAGE gel analysis, Trial 1 produced 

nearly stoichiometric amounts of the DmoA and DmoB176 proteins. It also yielded relatively 

high purity after additional purification by size exclusion chromatography (not shown); 

E. Coli competent	cell	line	 Growth	Conditions A Growth Conditions	 B

BL21DE3 37°C	for	3	hours	at	220	rpm 1	hour	cold	shock (4°C),	
16°C	overnight	at	220	rpm

C41DE3 37°C	for	3	hours	at	220	rpm 1	hour	cold	shock (4°C),	
16°C	overnight	at	220	rpm

T7	SHuffle 37°C	for	3	hours	at	220	rpm 1	hour	cold	shock (4°C),	
16°C	overnight	at	220	rpm

72
56
43
34
26

17

11

kDa
72
56
43
34

26

17

11

kDa



 32 

although the elution profile from the sizing column did not match the anticipated molecular 

weight of the co-expressed proteins based on molecular weight standards. These results were 

promising because not only were similar amounts of each protein expressed, they were eluting 

together, indicating a possible interaction.  

 
Figure 14. Trial 1 co-expression of DmoA/DmoB176 in BL21DE3 at 37°C HiTrap 

purification  
  

In trial 2, DmoA was over-expressed at 55 kDa and no bands near 19 kDa were present 

on the gel; therefore, DmoB176 was determine to not be expressed (Figure 15). Co-expression 

trial 3 was performed using colonies from the same BL21DE3 dmoA/dmoB176 100 µg/mL 

Amp/50 µg/mL Kan plate as in trial 2. DmoA was once again over-expressed at 55 kDa; 

however, there was also a weak 19 kDa band on the gel assumed to be DmoB176 (Figure 16). 

In order to reproduce the favorable results from trial 1, co-expression was stalled in order to 

develop a procedure for consistent dual transformation of the dmoA and dmoB176 plasmids in 

BL21DE3 cells.  
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Figure 15. SDS-PAGE from trial 2 DmoA/DmoB176 BL21DE3 co-expression 

HiTrap purification  
 

 
Figure 16. SDS-PAGE from trial 3 DmoA/DmoB176 BL21DE3 co-expression HiTrap 

purification 
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Colony PCR to monitor dual plasmids  

 Based on previous experimentation, it was found that PCR of both dmoB176 and dmoA 

genes was successful at annealing temperatures of 55°C - 65°C. Therefore, colony PCR was 

performed at an annealing temperature of 60°C using primers specific for both dmoB176 and 

dmoA genes in the reaction mixture. 15 colonies were picked from the same plate used for the 

inoculum in co-expression trials 2 and 3 and underwent PCR. Analysis was performed via 

agarose gel electrophoresis (Figure 17). For all lanes except 12, a band at 500 bp corresponding 

to dmoB176 was present. Lanes 13-15 also revealed a primer dimer at approximately 50 bp. 

No bands appeared at 1500 bp corresponding to the dmoA gene. This meant that the dmoB176 

gene was present in the colonies used for inoculation but no or weak co-expression was 

observed. Since DmoA was expressed in all three trials, and was expected to be on the gel, the 

PCR conditions were further analyzed.  

 
Figure 17. 1% agarose gel electrophoresis of colony PCR for dmoB176/dmoA plasmid 
transformed in BL21DE3 E. coli. 

 
 In order to test the efficacy of the dmoA primers, PCR was performed on dmoA plasmid 
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from E. coli competent cells. A gradient of annealing temperatures was used from 55°C-65°C. 

Analysis was done via agarose gel electrophoresis (Figure 18). A band at approximately 1500 

bp was present in each lane, indicating that the primers worked for dmoA PCR at all 

temperatures. Since the band at 55.0°C was the most prominent, this temperature was selected 

for future experimentation.  

 
Figure 18. 1% agarose gel confirming the success of dmoA E. cloni plasmid PCR at all 

annealing temperatures 55.0°C-65°C 
 
 It was hypothesized that the dmoA gene may not be as compatible with the BL21DE3 

cells as the dmoB176 gene, which would explain its absence in the dual plasmid colony PCR 

(Figure 17). To test this, dmoA plasmid was solely transformed in the BL21DE3 cell line and 

isolated (Qiagen). PCR was repeated on both the plasmids isolated from BL21DE3 and 

colonies from the transformation containing only the dmoA gene. Figure 19 shows the results 

of PCR for the colonies (C1-4) and the plasmids (P1-4). Although each lane has a band at 1500 

bp, the bands in P1-4 from the plasmid PCR products were most prominent. This rejected the 

prediction that dmoA had a lower affinity for the BL21DE3 plasmid.  
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Figure 19. 1% agarose gel confirming the success of dmoA BL21DE3 colony and plasmid 

PCR at 55.0°C annealing temperature  
 

 The results from the colony screening were inconclusive. The reason as to why DmoA 

protein was over-expressed (Figure 16, 17), yet not present in the DNA gels from the dual 

plasmid colonies (Figure 18) could not be determined. There was also no concrete reason as to 

why DmoB176 was only expressed in a stoichiometric amount to DmoA in one expression 

trial yet produced little to no yield in the other two. Therefore, in order to solidify a protocol 

that would ensure the expression of the same amount of DmoA and DmoB176 every time, 

further troubleshooting is needed. For instance, running the colony PCR in reactions where the 

dmoB176 and dmoA specific primers are separated, or generating competent cells containing 

one gene then transforming the other gene into these cells. Lastly, screening additional cell 

lines that may regulate the lac operon such as BL21plysS, assist in disulfide bond formation 

such as Rosetta, or make expression tunable such as in Lemo21(DE3) should be performed.  
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Chapter IV:  Conclusions 

Conclusions 

 The insertion of the dmoB176 gene into the pSAM vector with kanamycin antibiotic 

resistance was a success; this made dmoB176 compatible for co-expression using the multiple 

vector approach. The hypothesis that DmoA and DmoB176 form a tight association which may 

increase activity was neither supported nor rejected. The subunits were successfully co-

expressed in stoichiometric amounts in one of three trials. However, the protein degraded 

before activity could be analyzed. Further co-expression trials were not able to reproduce these 

results; DmoA was overexpressed and little to no DmoB176 resulted.  

 Colony screening was performed in order to standardize a protocol for co-expression 

that would result in equal amounts of DmoB176 and DmoA each time. Although the DmoA 

protein was overexpressed in trials 2 and 3, the colonies from which it was grown contained 

only dmoB176 according to PCR and gel electrophoresis. PCR conditions were analyzed to 

verify the primers, annealing temperatures, and BL21DE3 cell line would amplify the dmoA 

gene; PCR was consistently successful. Therefore, the reason as to why DmoA protein, but not 

dmoA gene, could be seen on a gel is currently unknown. Since stoichiometric co-expression 

was not reproducible, the ability to test activity was prevented; therefore, it is currently 

unknown whether co-expression of DmoA and DmoB176 has an effect on enzymatic function.   

Future Works  

 The main focus of future experimentation would be to obtain a consistent, reproducible 

co-expression protocol. This may include making competent cells containing one of the genes, 

or high-throughput protein expression screenings that result in expression of both DmoA and 

DmoB176. If the results of trial 1 are repeated glycerol stocks from that colony can be made. 
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Co-expression using the single vector approach may also need to be attempted.20 This approach 

utilizes a single vector with different multiple cloning sites and separate promoters and 

ribosome binding sites. Once DmoA and DmoB176 are consistently co-expressed and purified 

in stoichiometric amounts, degradation of DMS can be tested towards the characterization of 

DMS monooxygenase. These studies will lay the ground work to understand how DMS 

degradation factors into the overall global sulfur cycle and climate regulation. 
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