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Abstract 

 

Petroleum-like high-energy compounds are biosynthesized by microorganisms. With increasing 

interest in biofuels, the mechanisms of hydrocarbon biosynthesis are under intense study. One 

mechanism of hydrocarbon biosynthesis involves the deformylation of fatty aldehyde to produce 

alkanes/alkenes. The gene encoding the deformylase enzyme from Nostoc punctiforme PCC 

73102 was cloned into pET28b+ vector and transformed into E. coli BL21. The protein was 

expressed and purified using a Ni-NTA column. The purification process was optimized for the 

production of stable and active enzyme. The enzyme was characterized by ultraviolet-visible 

(UV-Vis) spectroscopy, electron paramagnetic spectroscopy (EPR) and inductively coupled 

plasma-mass spectrometry (ICP-MS). ICP-MS showed that 2 iron atoms were present per subunit 

of protein. In vitro activity assay was demonstrated using NADPH, spinach ferredoxin reductase, 

spinach ferredoxin and octadecanal (substrate). The activity was low, 4 nmoles of heptadecane 

(product) formed per 2 mg/ml protein in 2 hours. Octadecanoic acid, octadecanol and butanal 

were not the substrates. In an effort to increase activity, a crude lysate from Nostoc punctiforme 

PCC 73102 was added to reaction mixture, but no increase in activity was observed. Further, 

studies were carried out to study biodegradation of long chain ketone and alkene by S. oneidensis 

MR-1. This study was done in order to maximize production of fuel-like molecules produced by 

S. oneidensis MR-1. Resting cell assay was carried out to study biodegradation. There was no 

evidence for the biodegradation of 14-heptacosanone and cis-9-tricosene, compounds mimicking 

those produced by recombinant S. oneidensis MR-1. 

 

 

 



iii 
 

 

Table of Contents 

Acknowledgments……………………………………………………………..i) 

Abstract………………………………………………………………………..ii) 

Table of Contents………………………………………………………………iii) 

List of Tables…………………………………………………………………..vii) 

List of Figures………………………………………………………………….viii) 

Chapter 1: Introduction. 

1.1 Biohydrocarbons…………………………………………………………...2 

1.2 Biochemistry of hydrocarbon production..………………………………...5 

1.3 Proposed decarbonylation and non-heme diiron proteins.………………...7 

1.4 Head to head condensation pathway ………………………………………8 

1.5 Biodegradation of hydrocarbons…………………………………………...9 

1.6 Shewanella oneidensis MR-1……………………………………………...11 

1.7 Rational for research……………………………………………………….12 

Chapter 2: Protein Characterization: Deformylase 

2.1 Materials and Methods 

2.1.1 Vector design…………………………………………………………….14 

2.1.2 Restriction digestion……………………………………………………..14 



iv 
 

2.1.3 Ligation…………………………………………………………………..15 

2.1.4 Transformation…………………………………………………………...15 

2.1.5 Protein purification……………………………………………………….17 

2.1.6 SDS-PAGE……………………………………………………………….18 

2.1.7 Protein estimation: Bradford assay………………………………………18 

2.1.8 Substrate synthesis………………………………………………………..19 

2.1.9 TPTZ assay for ferrous determination……………………………………20 

2.1.10 Ultaviolet-Visible spectroscopy……….………………...………………21 

2.1.11 Sodium azide curve……………………………………………………...21 

2.1.12 Electron paramagnetic resonance spectroscopy………..………………..21 

2.1.13 Inductively coupled plasma mass spectrometry…………………………22 

2.1.14 In vitro enzyme activity assay…………………………………………...22 

2.1.15 Analytical method………………..………………………………………23 

2.1.16 Substrate study…………………………………………………………...24 

          2.1.16.1Substrate study: butanal……………….…………………………24 

          2.1.16.2 Substrate study: octadecanoic acid & octadecanol……….……..24 

2.1.17 Nostoc punctiforme PCC 73102 cell lysate study of enzyme activity ......25 



v 
 

2.1.18 Assay optimization……………….………………………..……………..26 

          2.1.18.1 Ferredoxin response assay……………………………………….26 

          2.1.18.2 Ferredoxin redcutase response assay…………………………….26 

2.2 Result and Discussion 

2.2.1 BLAST analysis……………………………………………………….……27 

2.2.2 Protein purification…………………………………………………….…...29 

2.2.3 Inductively coupled plasma mass spectrometry (ICP-MS)..………….…...31 

2.2.4 TPTZ assay………………………………………………………….……...34 

2.2.5 Ultraviolet-visible (UV-Vis)spectroscopy………………..……….……….36 

2.2.6 Sodium azide reaction……………………………………………………....37 

 2.2.7 Electron paramagnetic resonance (EPR) results…….…………………....38 

2.2.8 In vitro enzyme activity assay……………………………….……………..40 

2.2.9 Substrate study…………………………………..………….……………...42 

2.2.10 Temperature study ……………...……………...…………….………......45 

2.2.11 Assay optimization study………………………...……………………....46 

2.2.12 Nostoc punctiforme PCC 73102 cell lysate study on enzyme activity .....48 

 



vi 
 

 

Chapter 3: Biodegradation studies of hydrocarbon 

3.1 Materials and methods………………………………………………….…....51 

3.1.1 Shewanella oneidensis MR-1 growth media……………………………....51 

3.1.2 Bligh and Dyer protocol for hydrocarbon extraction………………………52 

3.1.3 Analytical method……………………………………………………….….52 

3.1.4 Resting cell assay……………………………………………………….…..52 

3.1.5 Standard curve……………………………………………………………...53 

3.2 Results and Discussion………………………………………………….…….55 

Conclusion……………………………………………………………….………..57 

Future Work……………………………………………………………….…...…58 

References……………………………………………………………….…...…..59 

 

  



vii 
 

List of Tables 

Table 1: Summary of microbial hydrocarbons……………….…………...3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

List of Figures 

Figure 1.1 Hydrocarbon pathway for cyanobacteria………….……....6 

Figure 1.2 Subterminal oxidation of alkanes……………….………….10 

Figure 2.1 Vector design for deformylase production…….…………..16 

Figure 2.2 Crystal structure of deformylase from Prochlorococcus  

marinus MIT 9313…………………………………….………………....28 

Figure 2.3 Protein purification chromatogram……………………….…30 

Figure 2.4 SDS PAGE gel of deformylase…………...…….….………..30 

Figure 2.5 Transition metal concentration (in ppb) in deformylase from 

Nostoc punctiforme PCC 73102……………………………….……..….32 

Figure 2.6 Transition metal concentration (in ppb) in deformylase from 

Prochlorococcus marinus NATL2A…………………………………….…33 

Figure 2.7 Iron determination as a function of aldehyde deformylase  

concentration using TPTZ assay……………………………………..…35 

Figure 2.8 Ultaviolet-Visible Spectroscopy of deformylase…….……..36 

Figure 2.9 Reaction of deformylase with sodium azide…………..……37 

Figure 2.10 EPR signal…………………………………………...…..….39 



ix 
 

Figure 2.11 Heptadecane standard curve…………………………..……...41 

Figure 2.12 GC-FID chromatogram showing in vitro enzyme activity…...41   

Figure 2.13 Enzyme activity-octadecanoic acid……………………….......42 

Figure 2.14 Enzyme activity-octadecanol……………………………….....43 

Figure 2.15a Enzyme activity-butanal (negative control)………….….…..44 

Figure 2.15b Enzyme activity-butanal (substrate)………………….…......44 

Figure 2.16 Temperature study…………………………………….………45 

Figure 2.17 Ferredoxin response assay……………………………............46 

Figure 2.18 Ferredoxin reductase response assay…………………..…..…47 

Figure 2.19 Nostoc punctiforme PCC 73102 cell lysate response assay....48 

Figure 3.1 Standard calibration curve: 14-heptacosanone………...….......53 

Figure 3.2 Standard calibration curve: cis-9-tricosene……………….........53 

Figure 3.3a Biodegradation of 14-heptacosanone by S. oneidensis MR-1 

………………………………………………………………………..;..…....55 

Figure 3.3b Biodegradation of cis-9-tricosene by S. oneidensis MR-1 

            .………………………………………………………………………..……...55 

 



1 
 

 

Chapter 1 

 

Introduction 

 

 

 

 

 

 

 

 

 

 

 



2 
 

1.1 Biohydrocarbons 

There is decreasing oil production from almost all oil reserves and increasing concern 

about environmental problems such as Gulf oil spill. This has sparked increasing interest in 

biofuels. Ethanol is now viewed as being insufficient as a fuel and gets less government support. 

Thus, much research has focused on finding novel molecules to produce next generation biofuels. 

Recently, many startup companies and research labs have come up with novel biologically 

derived molecules like isoprenoid compounds [6, 18, 39] , medium chain alkanes and alkenes 

[30] and long chain ketones [12, 33, 34]. These molecules are chemically similar to presently-

used motor fuels like diesel and gasoline. Hence, they offer the same energy output per gallon of 

fuel, in contrast to ethanol which has lower caloric value. 

Bacterial aliphatic hydrocarbons, other than gaseous ones, were determined in 1944 by 

Janowski and ZoBell [16]. C10 to C25 paraffins from Desulfovibrio sp were observed. However, 

this report later was found to be inconclusive, due to complex uncharacterized media that could 

have contained hydrocarbons. Subsequently, Stone and ZoBell [31] reported presence of 

hydrocarbons in Serratia marinorubrum and Vibrio ponticus when grown in hydrocarbon free 

media. With development of gas chromatography, hydrocarbons were found in many 

microorganisms. The hydrocarbon content of different microorganisms varied over a range of 

0.005% to 2.69% per unit of dry biomass. Table 1 gives a comparative data on intracellular 

hydrocarbons of microorganisms. 
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Table 1: Summary of microbial hydrocarbons 

 

Microorganisms Hydrocarbon profile Major hydrocarbons 

(%  total hydrocarbons) 

Cyanobacteria 

N. muscorum, Anacystis nidulans, 

T. erythaeum, O. williamsii 

 

n-C15-C18;7-and 8 

methylheptadecanes 

 

n-C17 (68-90) 

n-C17 (91-95) 

Anaerobic phototrophic 

bacteria 

Chlorobium sp. 

Rhodospirillium rubrum 

Rhodomicrobium vannielli 

 

 

n-C15-C20; pristine-phytane 

-C15-C21; pristine; squalene; 

higher cyclic hydrocarbons. 

 

 

n-C17 (43-50) 

squalene; higher cyclic hydrocarbons 

(93-95) 

Gram Negative anaerobic 

sulfate reducing bacteria 

D. desulfuricans 

 

 

n-C11-C35 

 

 

n-C25-C35 

Gram positive anaerobic 

bacteria 

C. tetanomorphum 

 

 

C15-C28; pristine;phytane 

 

 

n-C18-C27 (59) 



4 
 

C. acidiurici 

C. pasteurianum 

C15-C24; pristine; phytane 

C11-C35 

n-C17-(50) 

n-C25-C35 (22-28) 

Gram positive aerobic bacteria 

S. lutea 

Micrococcus sp. 

Mycobacterium sp. 

 

C23:1-C30:1 

C17-C30 

C17-C31 

 

C29:1(43-79) 

n-C27,n-C28 (78) 

n-C25-C29 (70) 

Yeast 

Saccharomyces sp. 

S. oviformis 

C. tropicalis 

 

C17-C34 

C10-C31 

C14-C25 

 

n-C27-C30 (69) 

n-C10-C19 

n-C16-C19 (50-59) 
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1.2 Biochemistry of hydrocarbon production 

Microbial aliphatic hydrocarbons were presumed to be derived from fatty acids. Two 

biosynthesis routes have been proposed 1) elongation decarboxylation and 2) head to head 

condensation pathways. 

The best known pathway of the above two is an elongation decarboxylation pathway 

which envisages de novo synthesis of long chain fatty acids which are elongated by the 

continuous addition of C2 unit derived from malonyl CoA with subsequent decarboxylation. This 

pathway was studied in cyanobacteria by Schrimmer et al [30] in 2010. It was found that 

Synechococcus PCC 7002 did not produce any hydrocarbon, while other cyanobacteria showed 

C15 and C17 alkanes. Genomic subtraction yielded 14 unique genes in cyanobacterial strains 

producing alkanes and Synechococcus PCC 7002. All these genes were cloned into E. coli 

MG1655 and hydrocarbon extraction was done to determine which genes encoded hydrocarbon 

production. Two genes were identified S. elongates PCC7942_1594 and S. elongatus 

PCC7942_1593. 

When S. elongatus PCC7942_1594 was expressed alone, formation of fatty aldehydes 

and fatty alcohols was observed. Since it was assumed that alkane biosynthesis proceeded via 

decarbonylation, it was predicted that S. elongatus PCC7942_1593 carried out the conversion of 

aldehyde to alkanes. S. elongatus PCC7942_1594 belonged to the short chain dehydrogenase or 

reductase family, while S. elongatus PCC7942_1593 shared familiarity with the ferritin-like or 

ribonucleotide reductase-like family. A two step enzyme pathway was demonstrated by co-

expressing S. elongatus PCC7942_orf1594 and S. elongatus PCC7942_orf1593 in E .coli 

MG1655. Formation of alkanes and alkenes was observed. In vitro assays reactions were also 

demonstrated with purified proteins. 
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Fig 1.1: Originally proposed hydrocarbon pathway in cyanobacteria[30] 
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1.3 Proposed decarbonylation and non-heme diiron proteins 

As shown in Fig 1.1, it was proposed that fatty aldehyde was converted into an alkane via 

a decarbonylation reaction. In vitro enzyme assays with purified decarbonylase demonstrated 

conversion of octadecanal (C18 aldehyde) into heptadecane (C17 alkane). In 2006, the crystal 

structure of (the protein later identified by Schrimer et al) decarbonylase was solved and made 

available in the PDB (PDB ID: 2OC5). This structure revealed the presence of two metals, which 

remained to be identified [15]. 

A decarbonylase had been previously studied by P.E Kolattukudy et al [7, 29] from 

Pisum sativum. In that report, it was a cobalt porphyrin containing enzyme. However, no further 

studies were carried out on this enzyme. The recent x-ray crystal structure of 2OC5 from 

cyanobacteria indicated the presence of two metals and no porphyrin ring, suggesting these two 

proteins were completely different. Warui et al, 2011[38] confirmed formate as a byproduct, 

rather than carbon monoxide. Hence, decarbonylase was renamed to deformylase. 

Non-heme diiron proteins are widespread in nature and known to catalyze a diverse range 

of reactions, particularly activating dioxygen for oxidation reaction. Most proteins of this family 

have an electron transfer system from NAD(P)H to metal centers. One of the best examples of 

this protein family is methane monoxygenase (MMO). This enzyme converts inert methane to 

methanol using dioxygen as an oxidant [17, 37]. The diiron cluster is reduced to a diferrous state 

and reacts with O2. The O-O bond is cleaved heterolytically to yield water and a bis--oxobridged 

[Fe (IV)-Fe (IV)] species, which abstracts a hydrogen atom from methane to yield a substrate 

radical and a diiron cluster bound hydroxyl radical. Recombination of radicals yields the product 

methanol. Other well studied members of this family consist of ribonucleotide reductase [24, 26] 

and stearoyl acyl carrier protein -9 desaturase [9, 10]. 
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1.4 Head to head condensation pathway 

Some microbes have known to synthesize long chain olefins with a double bond near the 

middle of the chain [2]. Long chain olefins have been identified in S. lutea [35], Arthrobacter 

aurescens [12] and Stenotrophomonas maltophilia [32]. Albro et al defined this head to head 

condensation as the coupling of the head (C1) and the -carbon (C2) of two fatty acids with 

decarboxylation. Sukovich et al recently demonstrated that Shewanella oneidensis MR-1 also 

makes long chain hydrocarbons [34].  ole genes in S.  oneidensis MR-1 were identified for 

production of long chain olefinic hydrocarbons. A cluster of four genes, designated oleABCD, 

was identified. Cloning of oleA gene from S. oneidensis MR-1 and its homolog from S. 

maltophilia in E. coli resulted in formation of C-31 ketone. Frias et al (2011) demonstrated in 

vitro enzyme activity assay of oleA, in which it catalyzed a non-decarboxylative Claisen 

condensation reaction in the first step of the olefin biosynthetic pathway previously found to be 

present in at least 70 different bacterial strains [11].  

  The potential role of long chain hydrocarbons in microbes is cold adaptation and 

maintenance of fluidity in cell membrane. Under laboratory conditions, a decreasing temperature 

leads to significant increase in C- 31 alkenes. Deletion mutants showed a significant longer lag 

phase as compared to the wild- type organisms [33]. 
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1.5 Biodegradation of hydrocarbons 

Crude oil is a heterogeneous liquid consisting of hydrocarbons comprised entirely of 

elements the hydrogen and carbon in a ratio 2:1. It also contains other trace elements like 

nitrogen, sulphur and oxygen all of which constitutes less than 3% (v/v). Composition of crude 

oil may vary with the location and age of an oil field. About 85% of the components of all types 

of crude oil can be classified as asphalt base, paraffin base and mixed base. The inherent 

biodegradation of individual components is a reflection of their chemical structure, but also 

strongly influenced by the physical state and toxicity of the compounds. As an example, n-

alkanes as a structural group are the most biodegradable petroleum hydrocarbons, the C5-C10 

homologues have been shown to be inhibitory to the majority of hydrocarbon degraders. As 

solvents, these homologues tend to disrupt lipid membrane structures of microorganisms. 

Similarly, alkanes in C20-C40, referred to as “waxes” are hydrophobic solids at physiological 

temperatures [3]. 

Petroleum oil biodegradation can occur under both anoxic and oxic conditions. Zengler et 

al (1999) were able to demonstrate methanogenesis in presence of hexadecane under strictly 

anoxic conditions. 
13

C - labeled hexadecane studies were also performed to prove that methane 

was obtained from the breakdown of hexadecane [42]. 

The microbial utilization of hydrocarbons being fully reduced substrates requires 

activation. In the initial attack, this activation is provided by molecular oxygen. In the subsequent 

steps too, oxygen is the most common electron sink. In the absence of molecular oxygen further 

biodegradation of partially oxygenated intermediates may be supported by nitrates or sulphate 

reduction. Slower hydrocarbon metabolism occurs in strictly anoxic sediments [8].    

Primary attack on intact hydrocarbons in aerobic environment is due to action of 

oxygenases. In the case of alkanes, monooxygenase attack results in the production of alcohol. 
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Most microorganisms attack alkanes terminally whereas some perform sub-terminal oxidation 

(fig 1.3). The alcohol is oxidized into an aldehyde and finally, to a fatty acid, which is degraded 

by -oxidation. 

 

 

 

Fig 1.2: Subterminal oxidation of alkanes 
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1.6 Shewanella oneidesis MR-1 

Members of genus Shewanella compose of a diverse group of facultative anaerobic 

bacteria widely distributed in marine and fresh water environments. S. oneidensis MR-1 was 

isolated from Lake Oneida, New York [23]. S. oneidensis MR-1 was formerly known as S. 

putrefaciens MR-1. In general, they belong to -proteobacteria that are gram negative rods 2-3 

m in length and 0.4-0.7 m in diameter and motile by polar flagellum. It grows well on three-

carbon substrates such as lactate and pyruvate, but can also use a range of other compounds as 

sole carbon and energy sources, including protein [36] and DNA [27], and N-acetylglucosamine 

[41].  

Shewanella in general can respire diverse range of compounds. S. oneidensis MR-1 

belongs to a class of bacteria known as “dissimilatory metal reducing bacteria”. c-type 

cytochromes present in S. oneidensis MR-1 can reduce U(VI) and forms extracellular UO2 

nanoparticles [19]. Technetium is another radionuclide which is a byproduct of nuclear fuel cycle; 

it can exist in several oxidation states in which most reduced form is largely immobile. S. 

oneidensis MR-1 can reduce  
99

Tc which is most immobile form [21]. This fact, coupled with the 

diversity of anaerobic electron acceptors used, suggests these organisms routinely find themselves 

in both oxic and anoxic environments. 

S. oneidensis MR-1 is a mesophilic organism with a maximum growth temperature of ~ 

35
o
C, but can grow over wide range of temperatures. They exhibit different cellular morphology  

when grown at low temperatures (<10
o
C). At 3

o
C, cells had considerable smaller diameter and 

filamentous nature as compared to cells grown at 22
o
C [1]. Cell membrane composition at 3

o
C 

had increased proportion of branched fatty acids and decrease in fatty acid chain length, but 

decreased proportion of unsaturated fatty acids [1].  
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1.7 Rationale for research: 

The objective of this research is to investigate bacterial hydrocarbon biosynthesis 

mechanisms and optimize hydrocarbon production in S. oneidensis MR-1. Hydrocarbon 

biosynthesis mechanism studies were carried out with fatty aldehyde deformylase. Here, efforts 

were made to better understand the catalytic mechanism of aldehyde deformylase and identify the 

metals involved. In vitro deformylase activity assays were carried out in order to understand the 

reaction conditions. In S. oneidensis MR-1, we wanted to maximize production of 

biohydrocarbons (ketones and alkenes). Hence, it was necessary to investigate if S. oneidensis 

MR-1 would metabolize the compounds of interest so they would accumulate. To check this, two 

representative compounds were selected to observe biodegradation. 

 

1) 14-Heptacosanone (C27H54O) 

 

 

2) cis-9-Tricosene (C23H46) 
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2.1 Material and Methods 

2.1.1 Vector design 

The deformylase gene from Nostoc punctiforme PCC 73102 (ZP_00108838) and 

Prochlorococcus marinus NATL2A (YP_293054) was synthesized by DNA 2.0. It was cloned in 

pET 28b+ vector. The gene was cloned between restrictions sites of BamH1 and Nde1. Cloning 

of a gene between these restriction sites will give an N-terminal his-tag to the translated protein 

[28]. 

2.1.2 Restriction digestion 

The plasmid was obtained from DNA 2.0 and transformed into E. coli DH5Colonies 

were screened for plasmid by growing single colonies in Luria broth (LB) supplemented with 

kanamycin (50 g/mlhe plasmid extraction was carried out using Qiagen plasmid extraction 

kit and analyzing it by DNA gel electrophoresis. Cultures which showed plasmid were streaked 

on LB plates supplemented with kanamycin (50 g/ml). Single colonies were again inoculated in 

LB supplemented with kanamycin (50 g/ml). Double restriction digestion reaction was carried 

out to cut the deformylase gene from plasmid using BamH1 and Nde1 restriction enzymes (New 

England Biolabs). This reaction was carried out for 3 hours at 37
o
C. Reaction was terminated by 

raising temperature to 65
o
C for 20 minutes. Results were analyzed with DNA gel electrophoresis. 

Gene band was gel purified using gel purification kit (Qiagen). Vector pET28b+ was restricted 

using same enzymes under same condition and gel purified [28]. 
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2.1.3 Ligation 

The deformylase gene and restricted pET28b+ vector were ligated using T4 DNA ligase 

(New England Biolabs). 1.0 l of 10X T4 ligation buffer was added into the reaction tube. Insert 

and vector were added in ratio of 6:1. 0.5 l of T4 ligase was added and rest of volume was made 

up with deionized autoclaved H2O. Total volume of reaction was 10 l. Reaction was carried out 

for 15 hours at 16
o
C. Resulting reaction mixture was used for transformation process [28]. 

2.1.4 Transformation 

The plasmid pET28b+ was transformed into E. coli BL21. 0.1 g of plasmid DNA was 

added to 200 l of competent E. coli BL21 cells (Invitrogen). After mixing the mixture gently it 

was allowed to stand on ice for 30 minutes. After which sample eppendorf was transferred to 

water bath, at 42
o
C for 45 seconds and then transferred on ice for additional 2 minutes. 800l of 

super optimal broth (SOC) was added to this mixture of competent cells and plasmid. Sample was 

shaken at 37
o
C for additional 1 hour. 200 l of resulting suspension was spread on LB plates 

supplemented with 50 g/ml of kanamycin. These plates were incubated for 30 hours at 37
o
C. 

The colonies were screened for recombinant strain [28].  
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Fig 2.1: Vector design for deformylase production 
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2.1.5 Protein purification 

The protein was expressed as described by Schrimer et al [30]. Single colony was 

inoculated and grown (10 ml) in Luria broth (LB) supplemented with kanamycin (50 g/ml) and 

grown overnight. 10 ml culture was scaled up to 1 liter shake flask fermentation system. 2% 

inoculum was added to super broth medium (1.2 % tryptone (w/v),1.4 % yeast extract (w/v), 0.5 

% glycerol (v/v), 0.38 % monobasic potassium phosphate(w/v), 1.25% dibasic potassium 

phosphate(w/v)) supplemented with kanamycin (50 g/ml). Culture was grown till an OD (at 600 

nm) of 0.8 was reached. IPTG was added (final concentration 1mM) to start protein production. 

Cells were grown for additional 3 hours. After 3 hours, cells were harvested by centrifugation. 

Cells were centrifuged for 30 minutes at 4000 rpm (J-10 rotor). Cell pellet was resuspended in 

buffer A (25 mM MOPS, 10 % Glycerol and pH 7.0). Protease inhibitor tablets (Roche) were 

added to prevent proteolysis. Cell lysis was carried out using french press (3 passes) at pressure 

of 1500 psi. Cell lysate was centrifuged at 15000 rpm (J-20 rotor) for 90 minutes to separate cell 

debris from protein. 

Centrifuged cell lysate was filtered through 0.45m filter and loaded onto Ni-NTA 

column (GE). Two buffers were used for protein elution. Buffer A consisted of 25 mM MOPS 

and 10 % glycerol having pH 7.0, while buffer B consisted of 25 mM MOPS, 10% glycerol and 

500 mM imidazole having pH of 7.0. Fast protein liquid chromatography (FPLC) program was 

designed with step increase in imidazole concentration. For first 45 minutes, column was washed 

with buffer A to remove cell debris and unwanted protein. After this step imidazole concentration 

was increased for protein elution. 
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2.1.6 SDS PAGE 

20 l of fraction sample was taken and sample buffer (consist of 4 % SDS, 20 % 

glycerol, 10 % 2-mercaptoethanol, 0.004 % bromophenol blue and 0.125mM tris HCl, pH 6.8 ) 

from Sigma-Aldrich was added in 1:1 ratio. Mixed samples were heated at 100
o
C for 10 minutes 

to denature and reduce all proteins present in sample. Following components were added and 

casted to make SDS PAGE gel (for 12.5 % gel). For (10 ml gel) 4.17 ml of polyacrylamide, 3.33 

ml of seperating buffer, 2.27 ml H2O, 0.16 ml tetramethylene diamine (TEMED) , 66.6 l 

ammonium persulphate (APS) (10 % w/v). Composition of stacking gel (8 %): 1.0 ml 

polyacrylamide, 1.0 ml stacking gel buffer, 2.90 ml H2O, 0.1 ml tetramethlyene diamine 

(TEMED), 0.03 ml ammonium persulphate (APS) (10 % w/v). Gels were covered with paper 

towel, soaked in water and kept at 4
o
C for later use. 

2.1.7 Protein estimation: Bradford assay 

The purified protein was estimated using bradford assay. This assay involves binding of 

coomassie brilliant blue G-250 to protein. Binding of the dye to the protein shifts in the 

absorption maximum of the dye from 465 nm to 595 nm, and it is this increase in absorption at 

595 nm, which is monitored. Bovine serum albumin (BSA) was used as standard protein 

compound to generate the standard curve for estimation of protein. 

Stock concentration of BSA (100 g/ml) was made. Aliquots of BSA were made in 

concentration range of 0, 2, 4, 6, 8 and 10 g/ml (volume: 800 l). 200l of coomassie brilliant 

blue dye (Bio-rad) was added and incubated for 5 minutes. Absorbance at 595 nm was measured 

to plot a standard curve. 
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800 l of purified enzyme sample (diluted 10
-3

) was taken and 200 l of coomassie 

brilliant blue dye was added and incubated for 5 minutes. Absorbance at 595 nm was measured. 

Protein concentration was estimated using standard curve. 

 

2.1.8 Substrate synthesis 

Octadecanal was used as substrate for enzyme activity assay. It was synthesized by 

dissolving 1.0 gram of octadecanol in 25 ml of dichloromethane (CH2Cl2) in 50 ml flask. After 

octadecanol was dissolved, 1.1 grams of pyridinium dichromate (PDC) was added over a period 

of 10 minutes and stirred with glass rod. This mixture was stirred magnetically at room 

temperature and kept overnight. 30 ml hexane was added to this reaction mixture and top layer 

was decanted in a round bottom flask. Using a rota-vapor, hexane was removed and white solid 

containing octadecanal was deposited at the bottom of the round bottom flask. White crystals 

were resuspended in hexane and purified by silica gel chromatography using hexane:ethyl acetate 

(8:1) as eluting solvent. 5 ml fractions were collected and analyzed using gas chromatography 

mass spectrometry. The fractions containing octadecanal were further cleaned up using fractional 

sublimation. Fractional sublimation was carried out at 60 
o
C and maximum vacuum pressure on 

the pump. The substrate was collected as white crystals. Octadecanal obtained was quantified on 

GC-MS and found to be 85 % pure. 

Reaction: 
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2.1.9: 2, 4, 6-tripyridyl-s-triazine (TPTZ) assay for ferrous determination 

TPTZ (2, 4, 6-tripyridyl-s-triazine) has the second highest extinction coefficient for 

ferrous iron of any of the known chromogens (E596: 22,600 mole
-1

cm
-1

). In this assay, iron is split 

from the enzyme (sample) with hydrochloric acid and protein is precipitated with trichloroacetic 

acid. After centrifugation, supernatant is brought to a pH of 4.3 with ammonium acetate and iron 

is reduced with hydroxylamine. Addition of TPTZ gives the color development which can be 

calibrated at 596 nm. Standard curve was plotted using FeSO4. It was linear in the range of 0-80 

M concentration range.  

Make 20 M enzyme solution using autoclaved water in an eppendorf (total volume of 

sample was 800 l). Autoclaved water was used as blank. Add 0.1ml of 8N HCl and vortex. 

Allow it to stand for 10 minutes with intermittent vortexing. Add 0.1 ml of 80 % TCA and 

centrifuge for 10 minutes at 14,000 rpm. Transfer 800l of clear supernatant into a new 

eppendorf. Add 0.2 ml of 75 % ammonium acetate, 0.08 ml of hydroxylamine. After stirring, add 

0.08 ml of 4 mM TPTZ, vortex and allow it to stand for 10 minutes at room temperature for color 

development. If solution is turbid, centrifuge for 2 minutes at 14,000 rpm. Read the absorbance at 

596 nm. Ferredoxin from spinach (Sigma Aldrich) was used as positive control [5]. 

 

2.1.10 Ultraviolet-Visible (UV-Vis) spectroscopy 

Purified deformylase was analyzed by UV-Vis Spectroscopy. Enzyme concentration was 

estimated using bradford assay. UV-Vis spectroscopy was performed using Beckman DU 7400 

spectrophotometer. Wavelength scan range was from 280 nm in UV region to 600nm in visible 

light region. Autoclaved water was used as blank. 1 mg/ml of enzyme concentration was taken in 
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a quartz cuvette and scanned. 1 mg/ml of bovine serum albumin (BSA) was used as negative 

control. 

2.1.11 Sodium azide reaction 

One of the diagnostic reaction to investigate an enzyme containing diiron metal center is 

addition of buffered sodium azide to enzyme, which results in the formation of a chromophore 

with broad absorption bands at 345 nm and 450 nm. 

Known concentration (50 M) of deformylase (from N. punctiforme PCC 73102) was 

taken in an eppendorf. Sodium azide (final concentration of 2 M) was added to the HEPES 

buffered enzyme solution. This was incubated for 60 minutes for development of chromophore. 

After which a wavelength absorption scan was conducted from 250 nm in UV region to 700 nm 

in visible light region. Pure HEPES buffered enzyme was taken as negative control. 

2.1.12 EPR spectroscopy 

Protein was purified as explained in section 2.1.5 and delivered to Dr. Tom Makris in 

Lipscomb lab. 
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2.1.13 Inductively coupled plasma-mass spectrometry (ICP-MS) analysis 

Inductive coupled plasma mass spectrometry (ICP-MS) was carried out on deformylase 

(from Nostoc punctiforme PCC 73102 and Prochlorococcus marinus NATL2A) to identify 

metals present.            500 l of 400 M of enzyme was taken in a 10ml centrifuge tube. To this 

500 l of nitric acid (Trace metal grade, Fischer scientific) was added in aliquots of 50 l and 

vortexed for 30 seconds. Buffer sample containing 25 mM MOPS, 10 % glycerol having pH 7.2 

and super broth media were taken as negative control and treated with acid in same way. All the 

three samples were heated at 50 
o
C in water bath for 24 hours. Caps were tightly sealed to prevent 

any liquid loss due to evaporation. Next day all the three samples were delivered to Mr. Rick 

Knurr in Dept of Geology and Geophysics for ICP-MS analysis. 

2.1.14 In vitro enzyme activity assay 

To test the in vitro enzyme activity of deformylase following reactions were setup. 300l 

reactions were set up in 25 mM MOPS buffer, 10 % glycerol having pH 7.2 with following 

components at their respective final concentrations. 2 mg/ml of fatty aldehyde deformylase, 500 

M octadecanal,    100 g/ml spinach ferredoxin (Sigma Aldrich), 0.1 U/ml spinach ferredoxin 

reductase (Sigma Aldrich), 1.5 mM NADPH (calbiochem). Negative controls included above 

reaction without 1) fatty aldehyde deformylase, 2) octadecanal, 3) ferredoxin and 4) ferredoxin 

reductase. All assays were carried out in 1.5 ml GC vials. Reaction components were added in 

specific order. Buffer was added first followed by octadecanal (which was dissolved in methyl 

tert butyl ether (MTBE)). After addition of octadecanal, system was sparged with air for 2 

minutes and left in hood for 10 minutes. This was done to remove MTBE. This was followed by 

addition of NADPH, spinach ferredoxin and spinach ferredoxin reductase. Fatty aldehyde 

deformylase was added to start the reaction. Reaction system was stirred using magnetic micro 

stirrer. Each reaction was incubated for 2 hours at room temperature (25 
o
C) [20, 40]. 
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Each reaction was stopped by adding 300 l of (MTBE). Samples were vortexed for 30 

seconds after addition of MTBE and centrifuged for 10 minutes at 3000rpm. The upper phase of 

MTBE was extracted using glass syringe and injected into gas chromatography-mass 

spectrometry-flame ionization detection (GC-MS-FID) for product detection and estimation. 

2.1.15 Analytical method: Gas chromatography-mass spectrometry-flame ionization 

detection (GC-MS-FID) 

Samples were extracted with equal volume of MTBE and analyzed using gas 

chromatography equipped with flame ionization detection HP 7890. GC was conducted under 

following conditions: Helium gas 1.75 ml/min; HP-1ms column (100 % dimethylsiloxane 

capillary; 30 m by m by 0.25 m); temperature ramp, 100 to 320 
o
C; 10 

o
C/min, hold at 320 

o
C for 5 min; 250 

o
C injection port temperature and split at outlet between MS and FID. The mass 

spectrometer was run under following conditions: electron impact at 70 eV and 35 A. Flame 

ionization detector was set at 250 
o
C at hydrogen flow set at 30 ml/min, air set at 400 ml/min and 

helium makeup gas at 25 ml/min. Heptadecane standard curve was plotted using 99 % 

heptadecane (Sigma Aldrich). 
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2.1.16 Substrate study 

2.1.16.1 Substrate study: butanal 

Various substrates were tested to see if fatty aldehyde deformylase is able to catalyze the 

reaction. Butanal (C4H8O) was tested as substrate. Butanal enzyme assays were setup in an air 

sealed vials. 300 l reaction assays were set up with following components buffer (25 mM MOPS 

Buffer and 10 % glycerol having pH 7.2), 2 mg/ml of fatty aldehyde deformylase, 500 M 

butanal, 100 g/ml spinach ferredoxin (Sigma Aldrich), 0.1 U/ml spinach ferredoxin reductase 

(Sigma Aldrich), 1.5 mM NADPH (Calbiochem). Negative controls included above system 

without enzyme deformylase. All assays were carried out in      1.5 ml GC vials. Reaction system 

components were added in specific order. Buffer was added first followed by butanal. This was 

followed by NADPH, ferredoxin and ferredoxin reductase. Fatty aldehyde deformylase was 

added at last to start the reaction. Reaction system was stirred using magnetic micro stirrer. Each 

reaction was incubated for 2 hours at room temperature (25 
o
C). 

Samples were taken to mass spectrometry laboratory for product detection and 

identification. Head space was sampled through an airtight syringe and injected into GC column. 

Column temperature was kept at 120 
o
C. Blank CO2 was injected to determine its retention time 

as both CO2 and propane have a molecular weight of 44. 

2.1.16.2 Substrate study: octadecanoic acid & octadecanol 

  To test the in vitro activity of deformylase on octadecanoic acid and octadecanol as 

substrate following enzyme assay were setup. 300 l reactions were setup in buffer (25 mM 

MOPS and 10 % glycerol having pH 7.2),   2 mg/ml of enzyme deformylase, 500 M 

octadecanoic acid/octadecanol,     100 g/ml spinach ferredoxin (Sigma Aldrich), 0.1 U/ml 

spinach ferredoxin reductase (Sigma Aldrich),       1.5 mM NADPH (Calbiochem). Negative 
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control included above system without fatty aldehyde deformylase. All assays were carried out in 

1.5 ml GC vials. Reaction system components were added in specific order. Buffer was added 

first, followed by octadecanoic acid/octadecanol (which was dissolved in MTBE). After addition 

of octadecanoic acid/octadecanol, system was sparged with air for 2 minutes and left in hood for 

10 minutes. This was done to remove MTBE, followed by addition of NADPH, ferredoxin and 

ferredoxin reductase. Fatty aldehyde deformylase was added last to start the reaction. Reaction 

system was stirred using magnetic micro stirrer. Each reaction was incubated for 2 hours at room 

temperature (25 
o
C). 

Reaction was stopped by addition of 300l of MTBE. Reactions were vortexed for 30 

seconds after addition of MTBE and centrifuged for 10 minutes at 3000 rpm. The upper phase of 

MTBE was extracted using glass syringe and injected into GC-MS-FID for product detection and 

identification. 

2.1.17 Nostoc punctiforme PCC 73102 cell lysate study on enzyme activity 

In order to increase enzyme activity efforts were made to add crude cell lysate of                               

Nostoc punctiforme PCC 73102 in enzyme assay. Nostoc punctiforme PCC 73102 was obtained 

from ATCC. N. punctiforme PCC 73102 was grown in BG 11 media till O.D ~ 0.2. Cells were 

harvested by centrifugation at 4000 rpm (J-10 rotor) for 30 mins at 4 
o
C. Supernatant was 

discarded and cells were resuspended in buffer (25 mM MOPS and 10% glycerol having pH 7.2). 

Protease inhibitor tablet was added (Roche, 1 tablet/10ml re suspended culture) to prevent 

proteolysis. Cell lysis was carried out using french press (2 passes) at 1500 psi. Cell lysate protein 

concentration was estimated using Bradford assay. 

Enzyme activity assays were setup as described in section 2.1.14. However in this study, 

N. punctiforme PCC 73102 cell lysate was added in enzyme assay. 
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2.1.18 Assay optimization 

2.1.18.1 Ferredoxin response assay 

In order to increase enzyme activity, step increase in ferredoxin concentration was carried 

out in order to increase the electron transport flux from NADPH to iron centers. Final 

concentration ferredoxin in assay was increased from 0 M to 30 M (in steps of 10 M), while 

keeping enzyme concentration constant at 35 M. Final concentrations of NADPH and ferredoxin 

reductase (from spinach, Sigma-Aldrich) were kept as mentioned in section 2.1.14. In vitro 

enzyme assay were carried out as described in section 2.1.14. 

2.1.18.2 Ferredoxin reductase response assay 

The ferredoxin reductase catalysis transfer of electron from NADPH to ferredoxin. In 

order to increase the electron flux, gradual increase in ferredoxin reductase concentration was 

done to increase conversion of octadecanal to heptadecane. Ferredoxin reductase concentration 

was increased from 0 U/ml to 0.2 U/ml (in step increase of 0.05 U/ml). 

Enzyme assays were carried out as mentioned in section 2.1.14 except final ferredoxin 

concentration was 20 M. 
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2.2 Result and Discussion 

2.2.1 BLAST analysis 

Initial studies and background information regarding fatty aldehyde deformylase was 

obtained from bioinformatics analysis. BLAST analysis was performed on the protein sequence 

to get insights into the protein family, structure and metal centers present. Blast results concluded 

that fatty aldehyde deformylase belonged to a ferritin-like, diiron-carboxylate protein family. 

Proteins belonging to this family participate in wide range of functions like iron regulation, 

monooxygenation and reactive radical productions [25]. Members of this family are characterized 

by the fact that that they catalyze oxygen dependent hydroxylation reactions within diiron centers, 

however manganese catalase is an exception, which catalyzes peroxide dependent oxidation-

reduction within a dimanganese center. Diiron proteins are further characterized by presence of 

duplicate metal ligands, glutamates and histidines and two additional glutamates within a four 

helix bundle. Members of this family include bacterioferritin, ferritin, rubrerythrin, and aromatic 

and alkene monooxygenase [25]. 

In 2006, joint center for structural genomics published a crystal structure of a 

hypothetical protein from Prochlorococcus marinus MIT 9313 (PDB ID: 2OC5). Later on this 

was the same protein which was characterized as fatty aldehyde deformylase by Schrimer et al 

(2010) [30]. Crystal structure gave some very important insights into the protein study and its 

metal centers. Figure 2.2 shows the crystal structure of deformylase from Prochlorococcus 

marinus MIT 9313 [15]. 

Following observations were made from the structure, it was deduced that fatty aldehyde 

deformylase is a dimetal protein. Metal centers were not identified by structural genomics lab. 

Molecular weight of protein was 27640.4 Daltons. Acetate ion was identified as a ligand in the 

structure. 
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Fig 2.2: Crystal structure of deformylase from Prochlorococcus marinus MIT 9313[15]. 

 

 

 



29 
 

2.2.2 Protein purification 

The deformylase (from N. punctiforme PCC 73102) was cloned into pET28b+ vector. It 

was his-tagged at N-terminal in order to ease the protein purification process. Protein purification 

was carried out using 5 ml Ni-NTA column (GE Healthcare). 20 ml of filtered cell lysate was 

loaded on to Ni-NTA column, which was equilibrated by buffer A (25mM MOPS and 10% 

glycerol having pH 7.2). After loading the sample onto the column, column was washed with 

buffer A for 45 minutes to remove cell debris and unwanted proteins. Thereafter, buffer B (25 

mM MOPS, 500 mM imidazole and 10% glycerol having pH 7.2) flow was started at 20 % of 

total flow volume. Low concentration of imidazole (100 mM) removed all weakly bound protein 

from the column. Protein elution was monitored at 280 nm. A sharp peak was observed when 

imidazole concentration was increased from 20 % to 40 % (v/v). This indicated that 

corresponding fractions from 38 to 44 contained a protein which was bound to nickel in the 

column. No other peaks were observed when imidazole concentration was increased from 40 % 

to 100 %. Hence, the peak observed at 40 % is most likely to be the protein of interest (figure 

2.3). SDS PAGE gels were prepared as mentioned in section 2.1.6. Fractions were analyzed on 

SDS PAGE for purity. 

The purification procedure was altered slightly to help determine the metal content and 

stoichiometry. This is discussed in following sections. 
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Fig 2.3: Protein purification chromatogram (blue line is Concentration of buffer B and red 

line indicates absorption at 280nm) 

 

Fig 2.4: SDS gel of purified deformylase 
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2.2.3 Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductive coupled plasma mass spectrometry (ICP-MS) was carried out to identify the 

metals in the protein and their stoichiometry. Deformylase from Nostoc punctiforme PCC 73102 

and Prochlorococcus marinus NATL2A were purified for ICP-MS analysis and treated as 

described in section 2.1.13. Samples were submitted to Mr. Rick Knurr in the Department of 

Geology and Geophysics, University of Minnesota, Twin Cities. All transition metals were 

calibrated using standard curves prepared from 100% pure metal samples. 

The stoichiometry with Nostoc punctiforme PCC 73102 was found to be 1.63 atoms of 

iron for 1 subunit of enzyme. While stoichiometry of Prochlorococcus marinus NATL2A was 

found to be 1.50 atoms of iron for unit of enzyme. On basis of ICP-MS results, it is concluded 

that 2 atoms of iron exist per unit of  enzyme. This also gave an insight that 100 % metal 

populated enzyme was difficult to achieve. These results also ruled out the possibility of 

manganese as one of the metal in the metal cluster. The stoichiometry of managense was 

estimated to be 0.15 atoms per subunit of enzyme from Nostoc punctiforme PCC 73102 samples 

and 0.003 atoms per subunit of enzyme from Prochlorococcus marinus NATL2A. 

Concentration of other transition metals was found to be negligible in comparison to iron. 

Transition metal concentration in buffer was also estimated using ICP-MS. Metal concentration 

in equal volume buffer was found to be in range of 25-50 ppb, which is negligible to the 

measured concentration of iron in the enzyme sample. Hence, no bias was introduced in metal 

estimation due to buffer. 
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Fig 2.5: Transition metal concentration in ppb in deformylase from Nostoc punctiforme 

PCC 73102 (enzyme concentration was: 200M). 
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Fig 2.6: Transition metal concentration in ppb in deformylase from Prochlorococcus 

marinus NATL2A (enzyme concentration was: 250M). 
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2.2.4:  2, 4, 6-tripyridyl-s-triazine (TPTZ) assay 

In order to demonstrate in vitro enzyme activity, it was necessary for enzyme to be 

populated with its metals. Initial EPR studies showed that when enzyme concentration was 500 

M EPR spectra was observed. However, when enzyme concentration was 200 M, no EPR 

signal was observed. This result suggested that enzyme was not being populated with metals. 

Various growth media and stabilizers were employed to ensure that enzyme was populated with 

its metal centers. 

Figure 2.7 shows iron concentration in enzyme preparations under various conditions. 

Ferredoxin from spinach was used as positive control. 2 atoms of iron were observed for unit of 

ferredoxin, indicating that assay was accurate enough to estimate the iron content in that protein. 

The 2
nd

 bar shows (E1) the iron content estimated using TPTZ assay when recombinant E. coli 

BL21 was grown in LB and purified using Ni-NTA column. Iron content was found to be in ratio 

of 0.14 atoms of iron per subunit of native enzyme. The 3
rd

 bar shows (E2) another modified 

purification method using protein stabilizers added to buffer A (modified buffer A composition: 

25 mM MOPS, pH 7.0, 100 M Fe (NH4)2(SO4)2.6H2O, 2 mM cysteine, 1 mM dithiothretiol and 

10 % glycerol). Using this assay iron content in fatty aldehyde deformylase was found to be 0.325 

atoms of iron per subunit of enzyme. To ensure that protein was being fully populated with 

metals, cells were grown in super broth medium. Iron was estimated using TPTZ assay. Iron was 

estimated to be 1.8 atoms of iron per subunit of enzyme (E3). This result was found to be in 

agreement with the theoretical BLAST result of 2 metals per unit of deformylase.  
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Fig 2.7: Ferrous determination as a function of fatty aldehyde deformylase concentration 

using TPTZ assay. 
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2.2.5 Ultraviolet-Visible (UV-Vis) spectroscopy  

Figure 2.8 shows the absorption spectra of deformylase from Nostoc punctiforme PCC 

73102. The absorption spectrum of deformylase reveals a broad feature between 300nm and 

340nm. This spectrum rules out a heme containing P450 monooxygenase. Absorption of this type 

is typical of oxygen-bridged dinuclear non heme iron systems and is attributable to an oxo-to-Fe
III

 

charge transfer transition. 

 

 

    Fig 2.8: UV-Vis spectroscopy of deformylase 
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2.2.6 Sodium azide reaction 

Addition of 2 M (final concentration) sodium azide to the protein gave rise to new 

complex, whose absorption range was from 400-450 nm (figure 2.9). The optical properties are 

essential to those of the corresponding complexes of 9 stearoyl-acyl desaturase [9, 10] and 

methane monooxygenase [37]. As per the azide complex studies done on other non heme diiron 

proteins, the azide ion bridges the two iron ions of the deformylase. The azide ion binds the iron 

cluster in a -1, 3 bridging mode. 

 

 

Fig 2.9: Reaction of fatty aldehyde deformylase with sodium azide 
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2.2.7 Electron paramagnetic resonance (EPR) result 

Electron paramagnetic resonance (EPR) was carried out on protein to understand its 

metal centers. EPR is a technique for studying chemical species that have one or more unpaired 

electrons, such as organic and inorganic free radicals or inorganic complexes possessing a 

transition metal ion. A protein having diiron cluster can exist in 3 oxidation state diferric Fe (III)-

Fe (III), mixed valent Fe (II)-Fe (III) and fully reduced Fe (II)-Fe (II). The fully reduced form 

sometimes exhibits a low field EPR signal at      g = 16, indicating ferromagnetically coupled bi-

nuclear Fe (II)-Fe (II) centers (figure: 2.10). An isolated    enzyme, exposed to air exhibited no 

EPR signal, indicating Fe (III)-Fe (III) centers. Mixed valent state of Fe (II)-Fe (III) was not 

stable. Hence, no EPR signal was obtained. These results show that deformylase has iron metal 

centers and which are in similar environment to that of methane monooxygenase (MMO) [37]. A 

diferrous MMO also shows similar EPR signal near g=16 and diferric MMO exhibits no signal. 
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Fig 2.10: EPR signal of reduced fatty aldehyde deformylase. Perpendicular (a) and Parallel 

(b) mode. (Courtesy:  Dr Tom Makris from Lipscomb lab) 
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2.2.8 In vitro enzyme activity assay 

In vitro enzyme activity assay was demonstrated by Schrimer et al [30]. Since fatty 

aldehyde deformylase belongs to non-heme diiron protein family, it was known from literature 

that this class of enzyme requires a metal reducing system, which will convert Fe(III) (oxidized 

state) to Fe(II) (reduced state). Reduced metal centers are required for carrying out catalysis. 

External reducing system consisting of NADPH, spinach ferredoxin and spinach ferredoxin 

reductase was used [20, 40]. 

Enzyme assay was carried out as described in section 2.1.14. Assay product was 

identified using gas chromatography-mass spectrometry-flame ionization detector as described in 

section 2.1.15. Retention time of heptadecane was determined by injecting pure heptadecane 

sample. Retention time for heptadecane was found to be 11.5 minutes. Heptadecane standard 

curve was prepared to quantify heptadecane concentration (figure 2.11). Fig 2.12 shows the 

overlaying chromatograms of assay sample and negative control (no enzyme). However, after 3 

hrs of reaction at room temperature precipitates were observed in the activity assay sample 

indicating inhibition of the reaction. Reactions were stopped using equal volume of MTBE and 

phase extraction was carried out. Upper phase (solvent) was injected into GC-MS-FID. 

Heptadecane concentration in enzyme assay sample was found to be 8 M. It was difficult to 

carry out kinetic studies because enzyme concentration was also function of time. 
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Fig 2.11: Heptadecane standard curve 

 

 

 

Fig 2.12: GC - FID chromatogram showing in vitro enzyme activity 
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2.2.9 Substrate study 

Since very low enzyme activity was observed with octadecanal, it became increasingly 

important to investigate other substrates with which enzyme would give higher activity. 

According to the in vivo studies by Schrimer et al [30], heptadecane was the major product 

observed. Hence, other C-18 molecules were considered to test for enzyme activity. Octadecanoic 

acid and octadecanol (Sigma Aldrich) were obtained. Activity assays were carried out as 

described in section 2.1.14.  No new peak was observed when compared to negative control (no 

enzyme). Fig 2.13, 2.14, 2.15a and 2.15b shows the chromatograms obtained. 

 

Retention time 

Fig 2.13: Fatty aldehyde deformylase activity chromatogram with octadecanonic acid as 

substrate 
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Retention time 

Fig 2.14: Fatty aldehyde deformylase activity chromatogram with octadecanol as substrate 
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Retention time 

Fig 2.15a: Enzyme assay with butanal as substrate (negative control) 

 

Retention time 

Fig 2.15b: Enzyme assay with butanal as substrate 
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2.2.10 Temperature study 

Enzyme assays were carried out at different temperatures to study effect of temperature 

on enzyme. Three temperatures were selected 4 
o
C, 25 

o
C and 37 

o
C. Assays were carried out and 

analyzed as described in section 2.1.14. Fig 2.16 shows the net heptadecane formation measured 

in each set. It was observed that 37 
o
C set gave maximum heptadecane formation compared to 

other two temperature points. 

 

 

Fig 2.16: Temperature study of fatty aldehyde deformylase activity. 
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2.2.11 Assay optimization study 

2.2.11.1 Ferredoxin optimization assay 

In order to optimize activity assay, step increase in ferredoxin and ferredoxin reductase 

was carried out. Enzyme assays were carried out with increasing ferredoxin concentration. 

Ferredoxin shuttles electrons from NADPH to iron centers of deformylase. These iron centers in 

turn carry out the reaction. Hence, by increasing the electron flux from NADPH to deformylase 

we can increase the turnover rate of the enzyme. Reaction sample without ferredoxin was taken as 

negative control. Ferredoxin was increased from 0 M to 30 M in steps of 10 M. Fig 2.17 

shows the heptadecane production in reaction sample. Maximum heptadecane formation of 16 

M was measured in the sample having 20 M ferredoxin concentration. While no increase in 

heptadecane formation was observed when ferredoxin concentration was increased from 20 M 

to 30 M. Negative control shows residual heptadecane in substrate. 

 

Fig 2.17: Ferredoxin response assay 
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2.2.11.2 Ferredoxin reductase optimization 

Once ferredoxin concentration was optimized, it was necessary to optimize concentration 

of ferredoxin reductase in the reaction system. Four reaction samples were set up as described in 

section 2.1.18.2. Ferredoxin reductase concentration was increase from 0 M to 0.2 M in steps 

of 0.05 M. Sample having no ferredoxin reductase was considered as negative control. No 

increase in heptadecane production was seen when ferredoxin reductase concentration was 

increased from 0.05 M to 0.2 M. Heptadecane formation was found to be constant at 15 M 

for all three reaction sets of ferredoxin reductase. 

Heptadecane formation was optimized and increased by 95 % as compared to original 

assay setup as described by Schrimer et al [30].  

 

 

Fig 2.18: Ferredoxin reductase response assay 
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2.2.12 Nostoc punctiforme PCC 73102 cell lysate study on enzyme activity 

It was hypothesized that deformylase works in conjuction with a helper protein. Hence, to 

verify this hypothesis and in an effort to increase enzyme activity, wild type N.  punctiforme PCC 

73102 was obtained from ATCC. Crude cell lysate was prepared as described in section 2.1.17. 

Final protein concentration of cell lysate obtained was 1.75mg/ml. Final concentration of cell 

lysate added into the assay was 1mg/ml. Four assays were prepared as described in section 2.1.17. 

The second bar in the graph shows the heptadecane formation as result of fatty aldehyde 

deformylase in vitro activity. Third bar shows the residual heptadecane formation as result of cell 

lysate activity from wild type, N. punctiforme PCC 73102 on octadecanal (substrate). However, 

when both purified fatty aldehyde deformylase and cell lysate (from wild type N. punctiforme 

PCC 73102) were added in same assay, no increase in heptadecane formation was observed. This 

indicates absence of helper molecule. Fig 2.19 shows heptadecane formation in all samples. 
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Fig 2.19: N. punctiforme PCC 73102 cell lysate response assay 
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Chapter 3 

 

Biodegradation Studies of Hydrocarbons 
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3.1 Material & Methods 

3.1.1 Shewanella oneidensis MR-1 growth medium 

Shewanella oneidensis MR-1 was kindly provided by Dr Jeff Gralnick, Biotechnology 

Institute, University of Minnesota, Twin Cities. 

Shewanella oneidensis MR-1 was cultivated in minimal media containing 0.225gm 

K2HPO4, 0.225 gm-KH2PO4, 0.46 gm NaCl, 0.225 gm, 0.117gm MgSO4.7H20, 2.24 gm sodium 

lactate, 2.38 gm HEPES (for aerobic growth). Make up volume up to 1 liter. Adjust pH to 7.2 and 

autoclave it. After autoclaving add 5 ml of mineral stock and 5 ml of vitamin stock. 

Mineral Stock 

Start with 800 ml water and add following components with continuous stirring. 

1.5 gm NTA, 3.0 gm MgSO4.7H20, 0.5 gm MnSO4, 1.0gm NaCl, 0.1 gm FeSO4.7H2O, 

0.1 gm CaCl2, 0.13 ZnCl2, 0.01 gm CuSO4.5H2O, 0.01 gm Al.K(SO4)2, 0.01 gm H3BO3, 0.025 gm 

Na2MoO4, 0.024 gm NiCl2.6H2O, 0.025 gm Na2WO4.2H2O. Bring up the volume to 1 liter. 

Adjust pH to 8 and autoclave it. 

Vitamin Stock 

Start with 900 ml water and add following components with continuous stirring. 

0.002gm Biotin, 0.002 gm folic acid, 0.01 gm pyridoxine HCl, 0.005 gm riboflavin, 

0.005 gm thiamine, 0.005 gm Nicotinic acid, 0.005 gm Pantothenic acid, 0.0001 gm vitamin B 

12, 0.005 gm p-amino benzoic acid, 0.005 gm thioctic acid. Stir for 30 minutes and adjust the pH 

to 7.0. Filter sterilize it and refrigerate it. 
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3.1.2 Bligh and Dyer protocol for hydrocarbon extraction 

Separatory funnel was washed, dried and rinsed with 25 ml chloroform (twice). Cell 

culture sample was spiked with an internal standard of hexadecane (final concentration of 

0.5mM) and poured into separatory funnel. For about 50 ml of culture, add 62.5 ml of chloroform 

and 125 ml methanol were added to cell culture. This mixture was shaken for two minutes with 

intermittingly venting out the gas. Add 62.5 ml additional chloroform and shake for 30 seconds. 

Add 50 ml of water and shake for 30 seconds. Allow phase separation to occur for 1 hour. Elute 

the lower phase and analyze it on GC-MS [4]. 

3.1.3 Analytical method (GC-MS) 

Lower phase eluted after phase extraction was subjected to analysis by gas 

chromatography-mass spectrometry (GC-MS). GC-MS analysis was conducted with an HP6890 

gas chromatography connected to an HP5973 mass spectrometer. GC was conducted under 

following conditions: helium gas, 1 ml/min; HP-5 column (5 % phenylmethyl siloxane capillary; 

30 m by 250 m by 0.25 m); temperature ramp, 100 
o
C to 300 

o
C; 10 

o
C/min.  Mass 

spectrometer was run under the following conditions; electron impact at 70 eV and 35 A. 

3.1.4 Resting cell assay 

S. oneidensis MR-1 was grown in minimal medium (50 ml) described above. Brent et al 

(Unpublished data) showed that after 27 hours of growth, cells reached late logarithmic growth 

phase. Cells were grown at 30 
o
C and at 225 rpm of shaking condition. Once cells reached late 

logarithmic growth phase, they were harvested by centrifugation at 5000 rpm (J-20 rotor head) 

for 30 minutes. Cell pellet was washed with minimal medium (3 times) and resuspended in to 

fresh medium without lactate. Minimal media was (without lactate) spiked with test compound as 

carbon source (14-Heptacosanone or cis-9-tricosene) and added (50 ml). Cells were incubated for 

another 48 hours to observe the biodegradation of hydrocarbon. 
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3.1.5 Standard curve for estimation of cis- 9-Tricosene and 14 Heptacosanone 

In order to estimate the concentration of long chain hydrocarbons inside the culture, 

standard calibration curves were created using hexacosane as an internal standard. On GC 

retention time of 14 –heptacosanone, cis-9-tricosene and hexacosane were 19.24 minutes, 13.4 

minutes and 17.35 minutes respectively. Hexacosane concentration was kept constant at 500 M. 

Figure 3.1 and 3.2 show standard curves obtained for concentration range of 0 to 100 M using 

GC-MS as the analytical tool. 
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Fig 3.1: Standard calibration curve: 14-Heptacosanone 

 

 

 

 

Fig 3.2: Standard calibration curve: cis-9-Tricosene 
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3.2 Results and Discussion 

For overproduction of any cellular metabolite, imparing its degradation pathway inside a 

cell is a major step for over production. For maximum production of long chain ketones and 

alkenes it was important to investigate presence of any hydrocarbon degradation pathway in S. 

oneidensis MR-1. Resting cell assay was utilized to check the presence of such a pathway. Initial 

data from growth studies of S. oneidensis MR-1 on lactate as carbon source (Brent et al, 

unpublished) was taken into account and it was found that S. oneidensis MR-1 reaches late 

logarithmic growth stage after 27 hours of inoculation. Cells from late logarithmic stage were 

harvested and resuspended in fresh media without carbon source. 14-heptacosanone/cis-9-

tricosene suspended in chloroform [13] was added so that final concentration was 100 M. Whole 

cell assay was carried out with oxygen as electron acceptor. Concentration of hydrocarbons was 

monitored for 48 hours. Figure 3.3a (14-heptacosanone) and 3.3b (cis-9-tricosene) show the 

concentration profile of hyrdrocarbons over 48 hours. No decreases in hydrocarbon levels was 

observed. This experiment suggested that S. oneidensis MR-1 doesn’t have molecular machinery 

to metabolize long chain hydrocarbons for energy or biomass production. Since no appreciable 

decrease in hydrocarbon substrate was observed, we decided not to pursue this more 

scientifically.  
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Fig 3.3a: Biodegradation of 14-heptacosanone by S. oneidensis MR-1 

 

 

Fig 3.3b: Biodegradation of cis-9-tricosene by S. oneidensis MR-1 
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Conclusion: 

We were able to express enzyme deformylase in E. coli BL21. Protein was part of soluble 

fraction and high yields of protein were obtained i.e. ~25 mg of purified protein was obtained 

from 1 liter culture. Metal determination was done by ICP-MS. Iron was identified as the metal 

present in fatty aldehyde deformylase in the stoichiometric ratio of 2 atoms of iron per subunit of 

enzyme. Further protein characterization was carried out, absorption in the range of 300-340 nm 

range suggested iron-oxo bridge. Sodium azide reaction with fatty aldehyde deformylase gave a 

strong absorption band in the range of 390-450 nm, suggesting oxygen binding with iron metal 

centers. EPR spectroscopy gave a signal at g=16, which is similar to that observed in methane 

monoxygenase (MMO). All this characterization data gave an insight into catalytic mechanism of 

deformylase. In vitro activity assay was carried out, final concentration of heptadecane (product) 

obtained was 8 M. Octadecanoic acid, octadecanol and butanal were tested as potential 

substrates, but none of them showed activity. In an effort to increase the activity, crude cell lysate 

of Nostoc punctiforme PCC 73102 was added to in vitro enzyme assay. This experiment did not 

show any increase in the activity. 

Biodegradation studies of 14-heptacosanone and cis-9-tricosene by S. oneidensis MR-1 

were carried out using resting cell assay method. After 48 hours of incubation (aerobic) of test 

compounds with             S. oneidensis MR-1, no decrease in their concentration was detected. 
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Future work 

 A study to carry out site directed mutagenesis in deformylase. The resulting mutants can 

be studied for substrate specificity. Lower chain aldehydes can be targeted as the 

resulting product (alkane) can be a potential aviation fuel. 

 

 In order to check for potential cofactor for deformylase activity, higher concentration of 

Nostoc     punctiforme PCC 73102 crude cell lysate to be used (5 mg/ml). This study can 

be extended to test cell lysate from other cyanobacteria which possess the hydrocarbon 

pathway. 

 

 A study to increase the in vitro enzyme activity. An experiment to clone and express 

cyanobacterial ferredoxins and cyanobacterial ferredoxin reductases. 
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