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ABSTRACT 

Cobamides are organo-metallic tetrapyrroles that are required for all domains in life, 

These marco-cyclic compounds are an essential component in cellular function. Cobamides are 

essential to all domains of life. Notably, cobamides are only synthesized de novo by some 

bacteria and archaea. The complexity of the chemical structure of cobamides has challenged 

chemists, biologists, and biophysicists alike for many decades. In spite of these efforts, our 

understanding of how this macrocyclic molecule is assembled, remains incomplete. The 

functions of the enzymes CbiZ (cobyric acid-forming amidohydrolase) and CbiB (cobinamide-

phosphate synthase) remain unknown. In most archaea and some bacteria CbiZ functions as a 

remodeling systems of corrinoids.  CbiZ cleaves corrinoids at the amide bond of the amino-

propanol moiety, this reaction yields cobyric acid which can re-enter B12 biosynthesis pathway 

and acts as a co-substrate of CbiB. The foci of this work uses Salmonella enterica serovar 

Typhimurium LT2 to dissect the activity of the enzymes and the connections of CbiZ to CbiB. 

INDEX WORDS: cobamides, B12, CbiZ, CbiB, salvaging 



 

 

DISSECTING THE ROLES OF CBIZ, A COBYRIC FORMING AMIDOHYDROLASE AND 

CBIB, AN ADENOSYLCOBINAMIDE-PHOSPHATE SYNTHASE IN THE LAST STEPS OF 

CORRIN RING BIOSYNTHESIS  

 

 

by 

 

AMBER ENRIQUEZ 

B.S., NORTHERN ARIZONA UNIVERSITY, 2012 

 

 

 

 

 

A Thesis Submitted to the Graduate Faculty of The University of Georgia in Partial Fulfillment 

of the Requirements for the Degree 

 

MASTER OF SCIENCE 

 

ATHENS, GEORGIA 

2016 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2016 

AMBER NICOLE ENRIQUEZ 

All Rights Reserved 

  



 

 

DISSECTING THE ROLES OF CBIZ, A COBYRIC FORMING AMIDOHYDROLASE AND 

CBIB, AN ADENOSYLCOBINAMIDE-PHOSPHATE SYNTHASE IN THE LAST STEPS OF 

CORRIN RING BIOSYNTHESIS  

 

 

by 

 

AMBER ENRIQUEZ 

 

 

 

 

      Major Professor: Jorge Escalante-Semerena 
 
      Committee:  Diana M. Downs 
         Vincent J. Starai 
          
          
 
 
 
 
 
 
Electronic Version Approved: 
 
Suzanne Barbour 
Dean of the Graduate School 
The University of Georgia 
December 2016 



 

iv 

 

 

DEDICATION 

To my mother, Rosa L. Enriquez, this one’s for you 

  



 

v 

 

 

ACKNOWLEDGEMENTS 

 I would like to thank my family, friends, my committee members and the UGA 

microbiology department for all of the support provided to me the past four years.  

To my advisor, Dr. Jorge Escalante-Semerena, thank you for years of tantalizing scientific 

discussion and direction that shaped me in to a better scientist. Thank you for giving me 

scientific freedom to explore my projects and providing funding via the National Institute of 

Health, to have endless resources to do so.  Cobalamin will always hold a special place in my 

brain and heart. To Dr. Vincent Starai, thank you for your mentorship in science and life.  You 

helped me thrive and survive as a scientist, and assisted in successfully navigate through my 

graduate career.  Thank you for pushing me in the moments I wanted to give up and providing 

me with necessary life skills.  To the Starai lab (Emily Carpinone and Nathan Glueck), I thank 

you with a full heart for being my supportive environment through this trying process and letting 

bounce scientific ideas off you.  Thank you to my friends, family and colleagues for the push 

needed to complete this writing process.  Dr. Sydney Felker-Ross, thank you for giving me the 

tools to survive the pressures of life in and out of graduate school.  I would like to thank the 

Alfred P. Sloan Foundation for additional funding and Dr. Christine Szymanski and her lab for 

partially funding my last semester at UGA so that I could complete my thesis.   

 

 

  



 

vi 

 

 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS .............................................................................................................v 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

CHAPTER 

 1 INTRODUCTION AND LITERATURE REVIEW  ....................................................1 

   Importance and features ...........................................................................................1 

   B12-Dependent Reactions .........................................................................................2 

   Adenosylcobalamin Biosynthesis ............................................................................4 

   Corrinoid Scavenging ..............................................................................................6 

   Other ........................................................................................................................7 

   References ..............................................................................................................13 

 2 MUTATIONAL AND FUNCTIONAL ANAYLSIS OF RSCBIZ IN VIVO AND IN 

VITRO ..........................................................................................................................23 

   Introduction ............................................................................................................23 

   Materials and Methods ...........................................................................................24 

   Results ....................................................................................................................29 

   Discussion and Conclusions ..................................................................................31 

   References ..............................................................................................................43 

 



 

vii 

 3 CYOTPLASMIC AND PERIPLASMIC RESIDUES ARE CRITICAL FOR CBIB 

ACTIVITY IN VIVO ....................................................................................................47 

   Introduction ............................................................................................................47 

   Materials and Methods ...........................................................................................48 

   Results ....................................................................................................................51 

   Discussion and Conclusions ..................................................................................52 

   References ..............................................................................................................61 

 4 SUMMARY ANE FUTURE DIRECTIONS ..............................................................65 

   Summary  ...............................................................................................................65 

   Future Directions ...................................................................................................65 

   References ..............................................................................................................69 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 

 

 

LIST OF TABLES 

Page 

Table 1.1: Comparison of proteins in late steps of B12 biosynthesis ..............................................12 

Table 2.1: Strains list of S. enterica sv. Typhimurium LT2 derivatives ........................................35 

Table 2.2: Plasmids used in these studies ......................................................................................36 

Table 2.3: Mutagenic primers used to introduce changes to RscbiZ .............................................37 

Table 2.4: Doubling time of synthesized CbiZ variants ................................................................39 

Table 3.1: Strains list of S. enterica sv. Typhimurium LT2 derivatives ........................................56 

Table 3.2: Plasmids list ..................................................................................................................57 

Table 3.3: Mutagenic primers used to introduce changes to cbiB .................................................58 

Table 3.4: Doubling time (hours) of strains synthesizing cbiB variants ........................................59 

 

  



 

ix 

 

 

LIST OF FIGURES 

Page 

Figure 1.1: Chemical structure of Adenosylcobalamin ...................................................................9 

Figure 1.2: B12-dependent reactions ..............................................................................................10 

Figure 1.3: Late steps of de novo synthesis of AdoCbl .................................................................11 

Figure 2.1: Comparison of bacterial vs. modified archaeal salvaging in S. Typhimurium ...........34 

Figure 2.2: Alignment of archaeal and bacterial CbiZ homologs ..................................................38 

Figure 2.3: Growth results of RsCbiZ variants ..............................................................................39 

Figure 2.4: Growth results of a C-terminal truncation of RsCbiZ .................................................40 

Figure 2.5: In vitro activity of RsCbiZΔ
185-219 .................................................................................40 

Figure 2.6: Multi-Step Purification of CbiZ Homologs.................................................................41 

Figure 2.7: Oligomerization of His6-MBP-RsCbiZ .......................................................................41 

Figure 2.8: Purification and Bioassay of His6-MBP-RsCbiZ ........................................................42 

Figure 3.1: Topology of SeCbiB ....................................................................................................55 

Figure 3.2: Complementation of a cbiB S. Typhimurium strain ....................................................59 

Figure 3.3: Fluorescence microscopy of S. Typhimurium cbiB strains .........................................60 

 

 

 



 

1 

 

 

CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW  

Cobamides (a.k.a. Cbas, B12, complete corrinoids) are cobalt-containing cyclic 

tetrapyrroles that belong to the family of compounds known as ‘The Pigments of Life’ (e.g. 

chlorophylls, hemes, coenzyme F430) due to their broad distribution in nature and critical role in 

cell function. Cobamides are essential to many organisms, including humans. A broad array of 

critical processes in nature depend on the availability of cobamides, for example, methane 

formation, chlorophyll biosynthesis and propionate detoxification. Notably, cobamides are only 

synthesized de novo by some bacteria and archaea, dedicating a significant portion of genetic 

information (~30 gene) to the process (1) . The complexity of the chemical structure of 

cobamides has challenged chemists, biologists, and biophysicists alike for many decades. In spite 

of these efforts, our understanding of the assembly of cobamides is incomplete. 

IMPORTANCE AND FEATURES 

Cobamides, B12, complete corrinoids are generic names that describe a family of cobalt-

containing cyclic tetrapyrroles (2). The nomenclature in the B12 field is complex, and rules for 

the correct naming of these compounds have been issued by the International Union of 

Biochemistry (IUB) (3) . A brief definition of the most commonly used terms is presented.   

Corrinoids: cobalt containing cyclic tetrapyrrole aka corrin ring. Incomplete corrinoids: 

corrinoids that lack the lower axial base/ligand (Coα) but not the upper axial ligand (Coβ) e.g. 

cobyric acid (Cby) and cobinamide (Cbi). Cobamide: complete corrinoids containing with lower 

and upper axial ligands. DMB: 5,6-dimethylbenzimidazole. Cobalamin: Cobamide with Coα as 
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DMB.  AdoCbl (Coenzyme B12): Cbl with DMB as the Coα.  AdoPseudoCbl: cobamide that has 

a lower axial base/ligand as adenine.  

The Anatomy of B12 

The anatomy of B12 contributes and has important implications for the chemistry it 

performs in the cell. Here it is described in four parts. (i) The cyclic tetrapyrrole containing a 

cobalt ion center, coordinated via nitrogens to the pyrroles (notably different from the other 

macrocyclic rings due to its contracted ring), is referred to as the corrin ring. The “D” pyrrole 

propionamide has (ii) an 1-amino-2 propanyl moiety.  This moiety is esterfied to a nucleotide 

with a 3’-phosphatidyl group (4). Here ribose is connected (iii) a lower base/ligand through an α-

N-glycosydic bond.  (iv)The upper axial ligand is 5’ deoxy-adenosine (Fig. 1.1)   

Relevance 

Cobalamin (vitamin B12) is an essential micronutrient (5) for all domains of life but is 

produced exclusively by prokaryotes. Although human cells do not make this compound, they 

can convert CNCbl to its coenzymatic form (adenosylcobalamin, AdoCbl, or Coenzyme B12). 

This conversion is due to the specificity of the Intrinsic Factor, a glycoprotein necessary for 

absorption of B12 synthesized by the stomach (6). Humans with B12 deficiencies may develop a 

myriad of B12 related illnesses related to deficiencies including pernicious anemia, neurological 

disorders, and links to osteoporosis (7, 8).  

B12-DEPENDENT REACTIONS  

Cbl is an essential cofactor required of several enzymes involving intramolecular rearrangements 

(Figure 1.2A), elimination reactions, methyl transfers, and dehalogenations.  Examples of theses 

enzymes include methylmalonyl-CoA mutase (fatty acid catabolism), class II ribonucleotide 
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reductase (DNA synthesis), methyltransferases (Methionine Synthase Figure 1.2B) and reductive 

dehalogenases respectively (9-15).   

Methylmalonyl-CoA mutase  

AdoCbl is used to generate a 5’-deoxyadenosyl radical through homolytic cleavage of the 

C-Co bond (16).  AdoCbl binds to the protein in a “base-off”  “histidine-on” position, histidine 

(His) coordinates to the cobalt ion allowing the enzyme to correctly position the active site. The 

radical abstracts hydrogen from a substrate carbon allowing carbon-skeletal rearrangement(17-

20).  

Class II Ribonucleotide Reductase  

AdoCbl binds to the protein in a “base on” configuration.  Here AdoCbl generates a thiyl 

radical using cysteines of the protein, this initiates hydrogen abstraction from a ribonucleotide 

molecule resulting in the formation of 2-deoxynucleotide (21-26).    

Methionine Synthase (MetH) 

Methionine synthase uses Cbl as a methyl carrier through heterolytic cleavage, generating 

Co(I)Cbl cycling to MeCbl. A methyl group from 5’methyl tetrahydrofolate is transferred to 

Co(I)Cbl which is then transferred to the sulfogroup of homocysteine generating methionine (18, 

20, 27, 28).  Notable Cbl methyltrasnferases are MtaABC complex involved in methanogenesis 

and AcsAB acetogenesis (29, 30) 

Reductive dehalogenases  

Recent studies, propose mechanisms for dehalogenase reactions.  Using a “base- off” 

configuration halide-Co(II)Cbl complexes via heterolytic or homolytic cleavage of carbon-halide 

substrate bond generating Co(III)Cbl-halide intermediate (31). One-electron transfers result in 

the formation of Co(II)Cbl-halide product released from active site (32). 
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ADENOSYLCOBALAMIN BIOSYNTHESIS 

Some organisms are capable of de novo AdoCbl biosynthesis in the presence or absence of 

oxygen (Pseudomonas denitrificans and S. Typhimurium respectively). The key difference 

between the aerobic and anaerobic B12 biosynthetic pathways is the timing of cobalt ion chelation 

(33). In the aerobic pathway, the cobalt ion is inserted into the corrin ring late in the pathway, 

while in the anaerobic pathway cobalt is inserted very early in the pathway (34). The work 

described later in S. Typhimurium; it is to be noted that while S. Typhimurium utilizes the 

anaerobic pathway, growth under aerobic conditions looking at the late steps of corrin ring 

synthesis, these intermediates are not sensitive to oxygen (35). To differentiate the different parts 

of the pathway, a descriptive nomenclature system is the one used in S. Typhimurium. In this 

bacterium, genes encoding functions involved in corrin ring biosynthesis are named cbi, to 

indicate that they catalyze a reaction leading to the synthesis of AdoCbi-P. Genes encoding 

functions involved in the assembly of the nucleotide loop or the attachment of the upper ligand 

are referred to as cob i.e. CobU. These works will be using the S. Typhimurium naming system 

(34) A thorough review of AdoCbl biosynthesis can be found in (36-43).  

Synthesis of the corrin ring 

Like the other tetrapyrroles, the corrin ring is derived from the common molecule 

Uroporphyringen III.  Uro III undergoes several modifications.  These modifications result in a 

contracted ring (C1-C19), eight methyl groups, four acetamide groups, and four propionamide 

groups.   My work focuses on the last step in de novo corrin ring biosynthesis, the formation of 

AdoCbi-P (Fig. 1.3), a condensation of 1-amino-2-propanol phosphate and AdoCby by CbiB 

(EC 6.3.1.10, cobinamide-phosphate synthase) (44). 
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Nucleotide loop assembly (NLA) 

CobU, CobS, CobT, and CobC proteins make up the late steps of AdoCbl biosynthesis 

(45-47).  These enzymes make up the nucleotide loop assembly pathway (Fig. 1.3).  NLA can be 

separated into two branches.  Branch one is the activation of AdoCbi-P by CobU (EC 

2.7.7.62 and EC 2.7.1.156 AdoCbi kinase/AdoCbi-phosphate guanylyltransferase) to yield 

AdoCbi-GDP (48-53).  Branch two is the activation of the lower base/ligand, in this case DMB is 

activated by CobT (EC 2.4.2.21 (NaMN):5,6-dimethylbenzimidazole phosphoribosyltransferase) 

to alpha-ribazole phosphate (α-RP). Due to the promiscuous nature of CobT, CobT is capable of 

activating other base/ligands resulting in a variety of cobamides (54-57).  CobS (EC 2.7.8.26, 

cobalamin-5′-phosphate synthase), the penultimate enzyme, condenses the activated substrates 

forming AdoCbl-P(46, 58).  CobC (EC 3.1.3.73 adenosylcobalamin/α-ribazole-5′-phosphate 

phosphohydrolase) dephosphorylates this substrate yielding the final product AdoCbl (59).   

Adenosylation of the corrin ring 

As mentioned, the 5’deoxyadenosine (Coβ) of AdoCbl plays a vital role in enzymatic function.  

The step at which the corrin ring is adenosylated is unclear. Adenosylation is required for de 

novo B12 synthesis and assimilation of exogenous corrinoids (60).  The mechanism of 

adenosylation of the corrin ring by CobA (ATP:Co(I)rrinoid adenosyltransferases) is well 

understood (61-64).   Organisms that utilize adenosylated corrinoids must be able to 

adenosylated them due to the fragile nature (light sensitivity, environmental conditions, acidity) 

of the cobalt-carbon covalent bond (65-67). 
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CORRINOID SCAVENGING 

Only some bacteria and archaea synthesize AdoCbl de novo (68), but others can salvage the 

corrin ring from the environment and attach to it the lower ligand and the upper ligand (53, 69-

71)12). De novo synthesis of adenosylcobalamin (AdoCbl) is genetically and energetically 

intensive (72).   To circumvent the genetic and energy cost some prokaryotes are able to salvage 

exogenous corrinoids from the environment.    

Bacterial  

In bacteria, incomplete corrinoids are transported into the cell by B12, transport system.  

Cbi is adenosylated by CobA. CobU phosphorylates AdoCbi to AdoCbi-P (Fig. 1.3) then 

activates the corrin ring by attaching a guanylyl-diphosphate moiety yielding AdoCbi-GDP 

which will eventually become AdoCbl through additional enzymatic reactions.  Some bacteria 

are capable of remodeling cobamides. For example, when grown aerobically on acetate, 

Rhodobacter sphaeroides requires AdoCbl (69, 73, 74).  Cells fed AdoPseudoCbl are capable of 

growth because of the presence of CbiZ.  CbiZ cleaves AdoPseudoCbl to Cby allowing it to re-

enter the pathway and add the appropriate Coα  (DMB) to synthesize AdoCbl.  

Archaeal 

Archaea contain an non-orthologous version of cobU gene, cobY only encodes for 

GTP:AdoCbi-P guanylyltransferase activity. Table 1.1 shows the gene encoding GTP:AdoCbi-P 

transferase, note that both possess homologs for CbiB, CobD, CobT, and CobS. In this instance, 

exogenous corrinoids are transported into the cell.  If the corrinoid is a cobamide the cell cannot 

use, the cell can remodel the molecule using CbiZ instead of constructing the molecular from 

scratch. CbiZ will cleave the lower ligand of corrinoids that cannot be used by some organisms, 

(e.g. adenine the lower ligand of pseudoCbl) generating Cby and thus, reentering the B12 pathway 
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via CbiB. CbiB catalyzes the reaction of AdoCby and 1-amino-2-propanol phosphate to yield 

AdoCbi-P allowing the correct lower ligand to be added. At present, it is known that CbiB plays 

an important role in archaea that posses this corrinoid-remodeling enzyme CbiZ (53).   

OTHER 

Using S. Typhimurium as a genetic tool for studying B12 biosynthesis 

In S. Typhimurium, two growth conditions are used to assess production of cobalamin. 

One growth condition relies on the function of the MetH, a Cbl-dependent methionine synthase 

(37), this is used as a tool to assess Cbl synthesis (75). Very few B12 molecules (~10 per cell) are 

required to satisfy the methionine needs of the cell; hence this is sensitive method of detection of 

production of Cbl (76). To take advantage of this a S. Tyhimurium strain with a null metE allele 

is used. MetE, the Cbl-independent methionine synthase is inactivated, thus relying on the MetH 

to regenerate methionine from homocysteine (77). The other growth conditions rely on other 

AdoCbl-dependent enzymes, ethanolamine ammonia-lyase (EutBC) and 1,2-propanediol 

dehydratase (PduCDE) (78-81).  To use ethanolamine or 1,2-propanediol as carbon and energy 

sources, S. Typhimurium needs to synthesize ~3,000 AdoCbl molecules per cell (82). These two 

methods provide different conditions that allow for stringency (EutBC), or sensitivity (MetH) for 

assessing cobalamin production. 

Thesis outline 

Decades of research have been spent on dissecting the role of B12 and how this elegant 

molecule is synthesized. The foci of this thesis are the characterization of the cobyric forming 

enzyme CbiZ and the enzyme CbiB that uses this substrate to form Cbi-P, the last step in corrin 

ring biosynthesis. Chapter 2 discusses residues that may be important for catalyzing the 

amidohydrolase reaction and binding of the substrate.  These studies focus on the R. sphaeroides 
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CbiZ, using a modified S. Typhimuirum strain to elucidate the role of residues in RsCbiZ.  An 

optimized purification strategy is described; its use for biochemical and structural analyses is 

discussed Chapter 4.  Chapter 3 is a continuation of work described in (44).  Using alanine 

scanning mutagenesis additional residues that appear to contribute to catalytic activity and 

binding of substrates are discussed.  Strategies to elucidate in vitro data for both enzymes are 

discussed in Chapter 4. 
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Figure 1.1: Chemical structure of Adenosylcobalamin. Key features are labeled and indicated 
by brackets.   
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Figure 1.2: B12-dependent reactions.  A. Carbon Skeletal Rearrangements (e.g. methylmalonyl-
CoA mutase) B. Reaction mechanism of methionine synthase, a B12-depedent 
methyltransferases. 
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Table 1.1: Archaea possess an orthologous guanylytransferase enzyme, CobY used in salvaging, 
bacteria use the trifunctional enzyme CobU. 
 

 

CbiB CobD CobU CobT CobS CobY 

S. enterica X1 X X X X 

 B. halodurans X X X X X 

 R. sphaeroides X X X X X 

 M. jannaschi X X 

 

X X X 

P. furiosus X X 

 

X X X 

M. mazei X X 

 

X X X 

H. salinarum X X 

 

X X X 

1Indicates the organism posses a gene that encodes respective protein 
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CHAPTER 2 

MUTATIONAL AND FUNCTIONAL ANAYLSIS OF RSCBIZ IN VIVO AND IN VITRO 

INTRODUCTION 

B12 is a cobalt-containing cyclic tetrapyrrole that belongs to the family of macrocyclic 

compounds derived from Uroporphyrinogen III (e.g chlorophylls, hemes, coenzyme F430.  These 

molecules are broadly distributed in nature serving a critical role in cell function (1-3). 

Cobamides are essential to many organisms, including humans. For example, critical processes 

in nature depend on the availability of cobamides. Notably, cobamides are only synthesized de 

novo by some bacteria and archaea (4-6).  These organisms devote a great deal of genetic 

information to the process.  In order to circumvent de novo synthesis some archaea and bacteria 

possess a salvaging pathway or a salvaging and remodeling pathway (7).   

In archaea the salvaging pathway involves the uptake of exogenous cobyric acid.  

Cobyric acid is converted to cobinamide-phosphate (Cbi-P) by the cobinamide phosphate 

synthase (CbiB), the ring is then activated by the GTP:guanylyransferase, CobY (8). Through 

additional steps, the final product, cobalamin is reached.   Bacteria uptake exogenous precursors 

using the B12 transport system, once in the cytoplasm CobU phosphorylates Cbi to Cbi-P (9). 

CobU guanylates Cbi-P, forming an activated corrin ring (Cbi-GDP); additional enzymatic steps 

lead to the final product, Cba (Fig2.1A). Archaea and some bacteria have a remodeling pathway 

to recycle cobamides (10).  Here CbiZ, a cobyric-forming amidohydrolase (11, 12) is capable of 

remodeling precursors (i.e. incomplete corrinoids) and cobamides.  CbiZ, can be found in 

different cellular compartments, either by itself or fused to other cobamide-related proteins (10) 



	   24	  

e.g. BtuD or CobZ (archaeal cobC). CbiZ remodels these corrinoids into adenosylcobyric acid 

(AdoCby), which enter the biosynthetic pathway. As shown in Figure 2.1B, CbiB converts 

AdoCby and aminopropanol-phosphate (AP-P) into adenosylcobinamide-phosphate (AdoCbi-P), 

leading to AdoCba.   

Previous studies have examined substrate specificity for CbiZ homologs.  Initial substrate 

characterization of CbiZ was done using Rhodobacter sphaeroides CbiZ.  R. sphaeroides is a 

bacterium capable of scavenging cobamides and incomplete corrinoids.  Previous studies show 

RsCbiZ prefers AdoPseudoCbl to other corrinoids (10, 11, 13). CbiZ cleaves AdoPseudoCbl to 

AdoCby allowing it to re-enter the pathway to synthesis AdoCbl. Knowledge of this mechanism 

remains unknown. Structure and function studies of RsCbiZ are necessary to determine residues 

involved in catalysis and substrate binding, as well as provide insight into the putative 

localization of RsCbiZ. 

MATERIALS AND METHODS 

Bacterial Strains 

All strains used in this work carry a chromosomal null allele metE and ara-9, an allele 

that prevents arabinose utilization.  JE8268 (metE ara-9 ΔcobU ΔycfN) has a deletion of cobU, 

inactivating the salvaging pathway (14-16).  Strains used in this work are found in Table 2.1. 

Using a modified chromosomal gene inactivation system, cobY+ of Pyrococcus furiosus was PCR 

amplified from pPfCOBY2 (unpublished) with primers del araA_5’ 

(5’gaagtatggtttgtgattggcagccagcatttgctgtaggctggagctgcttc) and 3.4 del_ araA 

(5’ttaacgtttgaacccgtaatacacctcgttccaggacatgggaattagccatg).  The resulting product was extracted 

and gel purified using Wizard SV Gel and PCR Clean-Up kit (Promega). The remainder of the 

steps were done as described elsewhere (17),  yielding  a derivative of S. Typhimurium strain 
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JE8268.  JE20530 (Table 2.1) possesses the archaeal gene cobY resulting in a chromosomal 

archaeal salvaging pathway in S. Typhimurium (Fig. 2.1B). 

Plasmid Construction 

All plasmids used in this work are listed in Table 2.2.  All primers were ordered from 

Integrated DNA Technologies Inc. (IDT, Coralville, IA).  DNA sequencing (Georgia Genomics 

Facility UGA) was used to verify all plasmids used in this study. RscbiZ+ was amplified from 

pRsCbiZ1 and cloned into overexpression vector pTEV6 (18). Mutagenic primers were designed 

using PrimerX (http://www.bioinformatics.org/primerx/cgi-bin/DNA_1.cgi) (Table 2.3). DNA 

was mutated using PfuUltra II Fusion DNA polymerase (Stratagene) and mutagenic primers to 

introduced changes to RscbiZ+ (pRsCBIZ1) encoding amino acid change of conserved residues to 

alanine.  PCR products were treated with restriction enzyme DpnI (Fermentas) and transformed 

into chemically competent DH5α (19). Plasmids were prepared and purified using E.Z.N.A 

Plasmid Mini Kit I (Omega bio-tek). The resulting plasmids were transformed (20, 21) into 

JE20530 (metE ara-9 cobU ycfN araA::P.f.cobY) and tested for amidohydrolase activity in vivo 

under conditions that required functional RsCbiZ activity.  

Growth Conditions 

Overnights of strains were grown in nutrient broth (NB Difco) containing 50 µg/mL 

ampicillin.  A 96-well plate containing 200 µL of No Carbon Essential (NCE) medium (22), 

supplemented with  trace minerals, glycerol (22 mM), MgSO4 (1 mM), 5,6-

dimethylbenzimidazole (DMB) (150 µM), ampicillin (50 µg/mL) corrinoids (1 nM of CN2Cbi, 

CN2Cby or CNCbl)  and L-arabinose (Sigma Aldrich) (0.5 mM when indicated) was inoculated 

with 1% (v/v) of the overnight. Strains were grown at 37°C for 24-48 hours with shaking and 

monitored using Gen5 software (BioTek) in an EL808 Ultra or PowerWave XS Microplate 
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Reader (BioTek instruments).  Growth curve data represents a minimum of two independent 

experiments. Data were analyzed with Prism v6 (GraphPad) analytical software.  Error bars 

represent the standard deviation. 

Purification of RsCbiZ proteins 

 Plasmids encoding cbiZ+ alleles e.g. (pRsCbiZ3) were transformed into E. coli C41 

(DE3λ) (23). Overnight cultures (20 mL) of the strains were sub-cultured into 1 liter of Terrific 

Broth containing ampicillin (100 µg /mL).  Cells were grown with shaking, 150 rpm, at 37°C for 

2 hours.  Isopropyl β-D-1-thiogalactopyranoside (IPTG, GoldBio) was added to a final 

concentration of 0.1 mM, after the addition of IPTG temperature was shifted to 15°C and cells 

were incubated for 16 hours.  Cells were harvested by centrifugation (6,000 x g for 15 minutes).  

Cells were re-suspended in a 10% (w/v) of (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(HEPES (10 mM)), NaCl (200 mM), (3-((3-cholamidopropyl)dimethylammonio)-1- 

propanesulfonate) (CHAPS, GoldBio,(12 mM))  at pH 7.6.  Cells were lysed at 187,000  

 kPa using a 1.1 kW TS Series Bench Top cell disruptor (Pressure Biosciences), equipped with a 

cooling jacket on the disruptor heat to maintain a 15°C temperature using a Neslab ThermoFlex 

900 recirculating chiller (ThermoScientific).  For every 20 grams of cell paste a crushed 10X 

Sigma Protease Inhibitor Tablet was added.  Lysed cells were centrifuge (40,000 x g for 30 

minutes).  Supernatant was collected and passed through a 0.45 µm filter and loaded onto AKTA 

Purifier (GE Healthcare) FPLC that with two connecting 5-mL NiNTA columns.  The column 

was washed with bind buffer containing HEPES (10 mM), NaCl (200 mM), CHAPS (12 mM), 

imidazole (20 mM) at pH 7.6.  The protein was eluted with a 4% to 100% gradient of elution 

buffer HEPES (10 mM), NaCl (200 mM), CHAPS (12 mM), imidazole (500 mM) at pH 7.6.  

Fractions were collected and protein was dialyzed into HEPES (10 mM), NaCl (200 mM), 
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CHAPS (6 mM), pH 7.6 with 5% (w/v) glycerol overnight.  A 15-mL bed of amylose resin 

column was poured and used on the FPLC for a secondary purification. Bound protein was 

washed with HEPES (10 mM), NaCl (200 mM), CHAPS (6 mM), tris(2-carboxyethyl)phosphine 

(TCEP) (1 mM) ,  pH 7.6 and 5% (w/v) glycerol, protein was eluted  using a gradient 0 to 100% 

elution buffer that was HEPES (10 mM), NaCl (200 mM), CHAPS (6 mM), maltose (10 mM), 

TCEP (1 mM) ,pH 7.6 and 5% (w/v) glycerol.  Fractions containing protein of interest was 

pooled. CHAPS was slowly dialyzed away until the final buffer was HEPES (10 mM), NaCl 

(200 mM), 5% (w/v) glycerol. Protein purity was assessed using Fotodyne imaging system and 

Foto/Analyst v. 5.00 software (Fotodyne Inc.) TotalLab v.2005 software was used for analysis 

(Nonlinear Dynamics) Protein purity, after amylose purification was approximately 80% pure. 

Protein was concentrated using Amicon Ultra-15 10k molecular weight cutoff (MWC). Protein 

concentrations were assessed using NanoDrop 1000 spectrophotometer (Thermo Scientific), 

using molecular weights and extinction coefficients predicted by ExPASy Protpram database. 

After concentrating the protein to 10 mg/mL, protein was passed through a 0.45 µm filter and 

loaded onto the FPLC with a sizing column (Superdex200 or Superose 12). Fractions that 

contained protein, as determined by the NanoDrop 1000, were confirmed via SDS-PAGE (24), 

fractions that had a single band corresponding to protein of interest.  After size exclusion 

chromatography, the purity was assessed at  >90% homogeneity. These fractions were pooled 

and dialyzed into HEPES (10 mM), NaCl (200 mM), 5% (w/v) glycerol and frozen drop-wise 

into liquid N2 and stored at -80°C until further use. MBP-BhCbiZ was purified in a similar 

manner for crystallography studies, in vitro activity was assayed as described below.  
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Analytical gel filtration 

Per run, a 250 µL sample volume at 6 mg/mL of MBP-RsCbiZ+ protein was injected onto 

a Superdex 200 HR 10/30 gel filtration column (GE Healthcare) attached to an AKTA purifier 

fast protein liquid chromatography (FPLC) system that was equilibrated with buffer 

(hydroxymethly)aminomethane (tris (20mM, pH 7.5) and NaCl (200 mM)). A calibration 

standard containing a mixture of molecular masses ranging from 1.35 to 670 kDa (Bio-Rad) was 

used to generate a standard curve to determine the molecular mass.  The standard mixture 

contained vitamin B12 (1.35 kDa), equine myoglobin (17 kDa), chicken ovalbumin (44 kDa), 

bovine gamma globulin (158 kDa), and thyroglobulin (670 kDa). A flow rate of 0.5 mL min-1 

was used to develop the column.  Elution peak analysis was performed using UNICORN v.4.11 

software (GE Healthcare Life Sciences). Data were graphed and analyzed using Prism v6 

(GraphPad) analytical software.  

Amidohydrolase Activity Bioassay 

Amidohydrolase activity assays were performed as described (12, 13, 25) with slight 

modifications (10). Briefly, assays were performed in 200 µL volumes containing 2 µg of 

recombinant protein, CHES (50 mM, pH 10 at 50°C), dithiothreitol (5 mM), and corrinoid (30 

µM). Reactions were incubated at 50°C for 15 minutes.  Reactions were stopped by incubation at 

95°C for 10 minutes then kept on ice. One microliter of  the reaction was spotted onto an agar 

overlay containing JE20530 and incubated overnight at 37°C. KCN was added to a final 

concentration of 0.1 M to the remaining reaction, corrinoids were derived under strong light 

(incandescent) for 15 minutes. Samples were filtered using 0.45 µm Spin-X columns (Corning) 

before they were resolved by HPLC.  
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RESULTS 

The combined results below need biochemical and structural analysis to drive the understanding 

RsCbiZ.  In vivo data suggests residues that might contribute to substrate binding and catalytic 

activity. Bioinformatics were employed to determine candidate residues for alanine scan 

mutagenesis (Fig. 2.2). RsCbiZ was used as the reference sequence. Residues changed were the 

following: G63A, T74A, T98A, G100A, G118A, T119A, I120A, A142G, E144A, A145G, 

G183A, V196A.  If a residue was already an alanine, primers were designed to encode a change 

to a glycine instead.   

Conserved residues contribute to amidohydrolase activity in vivo  

The results of these growth experiments are shown in Table 2.4 and Figure 2.3.  Several 

variants from the alanine scan resulted in growth similar or better then RsCbiZ+ (Table 2.4).  

Residues T74A, G183A, and I120A G183A are important for amidohydrolase activity.  Low 

levels of Cbi result in no growth. In the presence of L-arabinose and 16 nM Cbi poor growth is 

seen.  High levels of Cbi with the presence of arabinose indicate that the variants may play a role 

to substrate binding.  The need for arabinose induction alludes to the importance of the amount 

of protein presence to allow growth under these conditions.  The mutation encoding I120A and 

G183A result in a no growth phenotype, comparable to empty vector growth, under any 

condition tested (Fig. 2.1, Table 2.4).   Notably, I120A variant has growth comparable to 

RsCbiZ+. Both I120A and G183A contribute to amidohydrolase activity in vivo. 

 
Truncated RsCbiZ is inactive in vivo  

Results from growth analysis of C-terminal truncations of RsCbiZ do not allow growth in 

a strain requiring production of Cby.  The strain carrying pRsCbiZ+ (wild-type) was used for 

comparison to strains containing variants (Fig. 2.4).  The strain carrying an empty vector (VOC) 
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had a growth defect, because of the lack of cobinamide amidohydrolase activity.  The plasmid 

encoding C-terminal truncation, RscbiZΔ
185-219, had a growth defect, even in the presence of L-

arabinose (data not shown).  This indicates that the growth defect may be a result of mis-

localization of enzyme. RsCbiZ is predicted to have a putative transmembrane domain anchoring 

it to the inner membrane (26).  

CbiZ is active in vitro 

 The results of the in vitro assay indicate the truncated protein has amidohydrolase 

activity. His6-MBP-RsCbiZΔ
185-219 was overexpressed, purified and assayed to determine in vitro 

activity and compared to purified His6-MBP-RsCbiZ+. This result needs to be repeated; peak 2 

(Fig. 2.2), which corresponds with CN2Cby, needs to be verified using mass spectrometry.  

MBP-BhCbiZ is active in vitro when fed CN2Cbi (data not shown). 

RsCbiZ is a dimer or trimer 

Using a three-step purification, His6-MBP-RsCbiZ was purified to homogeneity (Fig. 

2.6B).  The oligomeric state of RsCbiZ was partially determined using gel filtration 

chromatography (Fig. 2.7).  Membrane prediction software indicates a putative C-terminal single 

transmembrane helix (TMHMM (27), TMPRED(28)), it was predicted His6-MBP-RsCbiZ would 

be a monomer (~69 kDa).  To test this hypothesis His6-MBP-RsCbiZ was gel filtrated to 

determine the oligomeric state.  Data from two different gel filtration columns indicate that His6-

MBP-RsCbiZ is a dimer (RsCbiZ + His6-MBP-RsCbiZ ~93 kDa) or trimer His6-MBP-RsCbiZ 

+RsCbiZ + RsCbiZ ~118 kDa).  The results of this experiment are presented in Figure 2.7 and 

Figure 2.8A; showing retention times of His6-MBP-RsCbiZ and Bio-Rad protein standards and 

the elution profile, respectively. Based off the protein standards, the predicted size of a monomer 
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of RsCbiZ is approximately 25 kDa and dimer/trimer 104 kDa.  Other gel filtration techniques 

were employed and yielded similar results.       

DISCUSSION AND CONCLUSIONS 

A combination of two residues result in an inactive variant in vivo 

Several variants of RsCbiZ were analyzed using strains encoding mutations in trans.  No 

single residue changes yielded a growth defect when expressed in strains requiring 

amidohydrolase activity.  It is interesting that strains housing plasmids expressing threonine to 

alanine changes (e.g. T74A, T98A) resulted in a growth defect (Table 2.4).  These threonine 

residues could stabilize the substrate, when one is changed the others compensate for it.  Mutants 

containing single variants I120A and G183A result in doubling times of 3.4 hr and 22.9 hr 

respectively in the presence of L-arabinose and low Cbi conditions.   I120A has a doubling time 

(dt) greater than wild-type RscbiZ.  Under high Cbi and L-arabinose, the dt of G183A decrease to 

20.2 hr.  The mutant strain containing the I120A G183A double variant results in no growth (Fig. 

2.3).  It is possible that the strain containing double variant inhibits binding of substrate.  The 

mutant containing G183A requires high levels of Cbi and enzyme to elicit a growth response, 

this could indicate residue G183 contribute to binding of substrate, and the change to G183A 

disrupts binding.  It is interesting that the strain containing variant I120A has a better growth 

phenotype than wild-type, but in combination with G183A results in no growth.  The reasoning 

behind this could be that I120 and G183 interact or are in close enough proximity that when 

changed to alanine, there is a hydrophobic pocket made hindering binding of corrinoids.   

RsCbiZ is likely an oligomer 

His6-MBP-RsCbiZ was affinity purified using NiNTA and Amylose resin (two-steps).  

The resulting protein was run over a gel filtration column to determine the oligomeric state. 
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Results from Figure 2.7 indicate that the protein is a dimer or trimer.  Figure 2.8 shows the 

elution profile of purified His6-MBP-RsCbiZ, based off this, it is likely this protein is an 

oligomer as indicated by the larger peak.  Over 80% of His6-MBP-RsCbiZ remains in that 

fraction.  The smaller peak is monomeric RsCbiZ that has likely lost the MBP tag because of 

degradation.  Activity of the peaks was assessed (Fig. 2.8B); both result in product that allowed 

the growth of JE20530. A second gel filtration column was used to clarify oligomerization of 

His6-MBP-RsCbiZ, the results were inconclusive (data not shown), but had a similar elution 

profile to Figure 2.8A, indicating His6-MBP-RsCbiZ to be a dimer or trimer (~104 kDa).  While 

these results were inconclusive, it is likely that His6-MBP-RsCbiZ is a dimer because it is known 

that several CbiZ homologs (e.g. BhBtuD (CbiZ-BtuD fusion)) are fused to B12 synthesis and 

transport proteins.  It is known that BtuD is a dimer, given this it is likely RsCbiZ is a dimer. 

Analytical ultracentrifugation may elucidate the true oligomeric state of His6-MBP-RsCbiZ (29).  

Precedence of CbiZ localization 

Comparative genomic results from (10) describes CbiZ homologs that are typically fused 

to B12 related proteins (e.g. CobC, BtuD). Of these proteins, several are anchored and localized to 

the inner membrane.   It makes sense for RsCbiZ to be anchored to the membrane given that 

reaction product is a substrate for CbiB (multi-pass transmembrane protein localized to inner 

membrane).  The enzyme reactions need to be repeated to verify product formed is Cby.  If the 

product is Cby, this C-terminal truncation may serve as a candidate for crystallization studies. 

In order to verify these studies, biochemical and structural analysis are required.   

Having a crystal structural of RsCbiZ is ideal, however due to low protein yields, BhCbiZ has 

been chosen as a candidate enzyme (several candidates were tested, but yields were too low- data 

not shown).  It is possible overexpression of RsCbiZΔ
185-219 could result in higher protein yields if 
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the putative C-terminal single pass transmembrane domain is what causes the low production. 

Investigations into the in vitro activity of variants are required to confirm mutant phenotypes 

(Fig. 2.4).  

Understanding the mechanism of CbiZ is important. Where the corrinoid binds, and how 

it binds has implications that could be used to construct CbiZ protein with specific substrate 

targets. What residues contribute to binding of AdoPseudoCbl in RsCbiZ? Notably, some 

organisms capable of B12-dependent dehalogenation (30) have cbiZ such as Dehalococcoides 

mccartyi. D. mccartyi has seven putative cbiZ genes, three have been confirmed to have 

amidohydrolase activity in vivo (data not shown). It begs the question, why does this organism 

have so many putative cbiZ genes?  The different dehalogenases may require different 

cobamides. The data from this chapter serves as a gateway into understanding what residues to 

target for binding and structural studies.  A continuation of this work is addressed in Chapter 4.  
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Table 2.1: Strains list of S. enterica sv. Typhimurium LT2 derivatives. Strains were constructed 
during the course of this work unless stated otherwise.  
Strain  Genotype Reference or Source 
Salmonella enterica LT2   
   
Derivatives of JE6583   
JE8268 cob1315 ycfN112 (16) 

   
JE20530 cobU1315 ycfN112 araA1232:: P.f. 

cobY+  

   
Derivatives of JE20530   
JE20672 JE20530/pRsCBIZ1 bla+  
JE20674 JE20530/pRsCBIZ11 bla+  
JE20675 JE20530/pRsCBIZ12 bla+  
JE20676 JE20530/pRsCBIZ13 bla+  
JE20677 JE20530/pRsCBIZ14 bla+  
JE20678 JE20530/pRsCBIZ15 bla+  
JE20679 JE20530/pRsCBIZ16 bla+  
JE20680 JE20530/pRsCBIZ17 bla+  
JE20681 JE20530/pRsCBIZ18 bla+ 

 JE20682 JE20530/pRsCBIZ19 bla+ 
 JE20683 JE20530/pRsCBIZ20 bla+ 
 JE20684 JE20530/pRsCBIZ21 bla+ 
 JE20685 JE20530/pRsCBIZ22 bla+ 
 JE22298 JE20530/pRsCBIZ43 bla+ 
 

 
JE20530/pBAD24 bla+ 

 
 

 
 Escherichia coli strains   

C41 (λDE3) F– ompT gal dcm hsdSB(rB
- mB

-) 
(DE3) (23) 

DH5α 
fhuA2 Δ(argF-lacZ)U169 phoA 
glnV44 Φ80 Δ(lacZ)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17 

(19) 
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Table	  2.2: Plasmids used in these studies. Plasmids were constructed during the course of this 
work unless stated otherwise.	  
Plasmid Relevant Genotype Reference Source 

pRsCBIZ1 
cbi3  (cbiZ+ cloned from Rhodobacter 
sphaeroides) (13) 

pRsCBIZ11 cbi4 (encodes CbiZT74A) bla+  
pRSCBIZ12 cbiZ5 (encodes CbiZT98A) bla+  
pRsCBIZ13 cbiZ6 (encodes CbiZG100A) bla+  
pRsCBIZ14 cbiZ57 (encodes CbiZG118A) bla+  
pRsCBIZ15 cbiZ7 (encodes CbiZT119A) bla+  
pRsCBIZ16 cbiZ8 (encodes CbiZI120A) bla+  
pRsCBIZ17 cbiZ9 (encodes CbiZA142G) bla+  
pRsCBIZ18 cbiZ10 (encodes CbiZE144A) bla+  
pRsCBIZ19 cbiZ11 (encodes CbiZA145G) bla+  
pRsCBIZ21 cbiZ12 (encodes CbiZG189A) bla+  
pRsCBIZ22 cbiZ13 (encodes CbiZV196A) bla+  pRsCBIZ20 cbiZ14 (encodes CbiZI120A G183A) bla+  pRsCBIZ43 cbiZ27 (encodes CbiZG183A) bla+  pRsCBIZ30 cbiZ20 (encodes truncation CbiZD185-219) bla+  pRsCBIZ3 cbiZ3 cloned into pTEV6 bla+ (13) 
pRsCBIZ26 cbiZ20 cloned into pTEV17 bla+  
pBhCBIZ1 Bacillus halodurans cbiZ encoding domain cloned 

into pMBPparallel1 bla+  
pBAD24 Cloning/complementation vector bla+ (31) 

pTEV6 Cloning/overexpression vector, N-terminal rTEV 
cleavable His6 MBP tag bla+ (18) 

pTEV17 Cloning/overexpression vector, N-terminal rTEV 
cleavable His6 MBP tag bla+ (32) 

pMBPparallel1 Cloning/overexpression vector, N-terminal rTEV 
cleavable MBP tag bla+ (33) 
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Figure 2.2: Alignment of archaeal and bacterial CbiZ homologs.  Shaded regions indicate 
conserved residues and potential candidates for alanine scan mutagenesis. 
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Table 2.4: Doubling time (hours) of the indicator strain JE20530 carrying alleles of cbiZ 
encoding the indicated variant in minimal medium containing the indicated concentration of 
CN2Cbi.  
 

	  
1	  nM	  

	  
2	  nM	  

Arabinose1	   -‐	   +	   	   -‐	   +	  
Variant	   	   	   Variant	  

	   	  WT	   3.2	   6.6	   WT	   3.4	   2.4	  
T74A	   NG	   18.6	   T74A	   NG	   13.9	  
T98A	   19.7	   5.9	   G118A	   3.4	   2.02	  
G100A	   4.9	   5	   T119A	   21.5	   14	  
I120A	   3.9	   2.4	   A142G	   1.9	   1.9	  

I120A	  G183A	   NG	   NG	   E144A	   3.1	   2.05	  
G183A	   NG	   NG	   A145G	   3.0	   1.98	  

	   	   	   I120A	  G183A	   NG	   NG	  
	   	   	   G183A	   NG	   22.9	  
	   	   	   G189A	   2.98	   1.8	  
	   	   	   V196A	   3.6	   2.03	  

1Cells grown with (+) or without (-) L-arabinose  
 
 

 
Figure 2.3: Growth results of RsCbiZ variants.  VOC, pRscbiZ+, and mutants were transformed 
into the indicator strain (metE205 ara-9 cobU1315 ycfN112 araA1232::P.f. cobY+).  A. Resulting 
strains were grown in NCE supplemented with trace minerals, glycerol (22 mM), DMB (150 
µM), ampicillin (50 µg/mL) and CN2Cbi (16 nM). Doubling time in hours: WT (3) T74A, I120A 
G183, and G183A (no growth, NG) B. Strains in presence of L-arabinose WT (1.7), T74A (9.9), 
I120A G183 (NG), and G183A (20.2). 
 



	   40	  

 
Figure 2.4: Growth results of a C-terminal truncation of RsCbiZ.  VOC, pRscbiZ+, and 
pRscbiZΔ

185-219 were transformed into the indicator strain (metE205 ara-9 cobUycfN araA::P.f. 
cobY+). Resulting strains were grown in conditions requiring amidohydrolase function. Doubling 
time in hours: WT (2.3), Δ185-219 (NG), VOC (NG) 
 
 

 
Figure 2.5: In vitro activity of RsCbiZ Δ185-219.  Activity assays were set up as described in 
material and methods.  Inset panel represents a previous reaction set up with RsCbiZ+. 
Corresponding peaks are labeled.   
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Figure 2.6:  Multistep-Purification of CbiZ Homologs.  A. Two-step purification of MBP-
BhCbiZ.  Lane 1 represents BioRad Ladder standards (kDa). Lane 2 is gel filtration of amylose 
purified MBP-BhCbiZ. B. Three-step purification His6-MBP-RsCbiZ to homogeneity Lane 1 
represents BioRad Ladder standards (kDa). Lane 2 after two-step purification, Lane 3 after third-
step purification (gel filtration). 
 
 
 
 

 
Figure 2.7:  Oligomerization of His6-MBP-RsCbiZ.  Oligomeric state of His6-MBP-RsCbiZ was 
determined using gel filtration chromatography.  
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Figure 2.8: Purification and bioassay of RsCbiZ. A. Chromatogram showing elution profile of 
His6-MBP-RsCbiZ run on a Superdex 75 column B. overlay of JE20530 (metE205 ara-9 
cobUycfN araA::P.f. cobY+) with reactions containing protein from fractions from panel A.  
CN2Cby is spotted as a positive control. CN2Cbi is spotted as a negative control 
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CHAPTER 3 

CYOTPLASMIC AND PERIPLASMIC RESIDUES ARE CRITICAL FOR CBIB ACTIVITY 

IN VIVO 

INTRODUCTION 

Cobamides are part of the family of macrocyclic compounds, referred to as tetrapyrroles (1). Cbl 

is essential nutrient and cofactor for many organisms including humans. Cbl has been 

industrially produced yielding CNCbl. Although human cells do not make this compound, they 

can convert CNCbl to its coenzymatic form (adenosylcobalamin, AdoCbl, or CoB12) (2, 3).  

Some organisms are capable of de novo AdoCbl biosynthesis in the presence or absence of 

oxygen. The key difference between the aerobic and anaerobic B12 biosynthetic pathways is the 

timing of cobalt insertion (4). In the anaerobic pathway cobalt is inserted very early in the 

pathway (5). Salmonella enterica serovar Typhimurium LT2  (hereafter S. Typhimurium) is a 

model organism for studying complete biosynthesis of AdoCbl, committing a significant portion 

of its genome (>20 genes) to this process (4, 6). Genes leading to the formation of AdoCbi-P are 

abbreviate with cbi, genes involved thereafter are indicate using cob, e.g CobU (5).   

 Our understanding of the last step of the de novo coring ring biosynthetic branch of the 

pathway is limited. In this reaction, the carboxylate of the propionate substituent of ring D is 

attached to an 1-amino-2-propanol-phosphate (AP-P) moiety via an amide bond. The enzyme 

that catalyzes this reaction is known as the AdoCbi-P synthase or CbiB (7). Interestingly, CbiB is 

an integral membrane protein.  CbiB is predicted to be 35.2 kDa (319 residues), and to traverse 

the membrane six times as shown in Figure 3.1 (2)(8). CbiB remains largely uncharacterized. For 
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example, we do not understand the biochemistry underpinning the reaction, molecular details of 

mechanism of function are unknown, its three-dimensional structure has not been reported, and 

the identity of possible interacting partners remains unknown.  In this chapter, I address residues 

that may contribute to catalytic and binding activity and affects of CbiB production.  

MATERIALS AND METHODS 

Bacterial Strains 

 All strains used in this worked were derivatives of a null allele metE  (requiring synthesis 

of B12) and ara-9 an allele preventing arabinose utilization and a null allele of cbiB (JE8185). 

Strains used in this work are found in Table 3.1.  

Plasmid Construction 

 All plasmids used in this work are listed in Table 3.2.  All primers were ordered from 

Integrated DNA Technologies Inc. (IDT, Coralville, IA).  DNA sequencing (Georgia Genomics 

Facility UGA) was used to verify all plasmids used in this study. cbiB+ was amplified from 

pCBIB44 and cloned into overexpression vectors pTEV6  and pYES2NTC using restriction 

enzyme cloning (9).  In order to construct pCBIB97, cbiB was PCR amplified using primers 

SeCbiB_KpnI 5’ (nnggtaccgatgacgattcttgcc) and SeCbiB_EcoRI NS 3’ 

(nngaattcggccacgccagataac).  The amplified fragment was cloned into pBAD-mCherry2 using 

restriction enzyme cloning. Mutagenic primers were designed using PrimerX 

(http://www.bioinformatics.org/primerx/cgi-bin/DNA_1.cgi) (Table 3.3). DNA was mutated 

using PfuUltra II Fusion DNA polymerase (Stratagene) and mutagenic primers to introduced 

changes to cbiB+ (pCBIB67) encoding amino acid changes of conserved residues to alanine, or 

glycine where appropriate.  PCR products were treated with the restriction enzyme DpnI 

(Fermentas) and transformed into chemically competent DH5α (10). Plasmids were prepared and 
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purified using E.Z.N.A Plasmid Mini Kit I (Omega bio-tek). The resulting plasmids were 

transformed into JE8185 and tested for activity in vivo under conditions that required functional 

AdoCbi-P synthase activity.  

Growth conditions 

 Overnight cultures were prepared by inoculating strains into Nutrient Broth ( NB Difco) 

supplemented with 100 µg/mL ampicillin.  A 96-well plate containing 200 µL of No Carbon 

Essential (NCE) medium, trace minerals (11), supplemented with glycerol (22 mM), MgSO4 (1 

mM), dimethylbenzimidazole (DMB 150 µM), ampicillin (50 µg/mL), corrinoids (1 nM (unless 

indicated otherwise) of CN2Cbi or  CN2Cby or CNCbl,)  and L-arabinose (0.5 mM when 

indicated) was inoculated with 1% (v/v) of the overnight. Strains were grown at 37°C for 24-48 

hours with intermediate shaking and monitored using Gen5 software (BioTek) in an EL808 Ultra 

or PowerWave XS Microplate Reader (BioTek instruments).  Growth curve data represents a 

minimum of two independent experiments. Data were analyzed using Prism v6 (GraphPad) 

analytical software.  Error bars represent the standard deviation. 

Overexpression and solubilization of CbiB 

 E. coli C41 (DE3λ) (12) cells carrying pCBIB44  encoding N-terminally His6 tagged 

cbiB+ allele from S. enterica (13) were grown as previously described in (7). Overexpressed 

protein was not detected.  A detergent screen as described in (14) was performed. Briefly 

ectopically expressed CbiB (pCBIB44) was harvested at 6000 x g for 15 minutes. Pellet was split 

and solubilized in (hydroxymethly)aminomethane (Tris-HCl, 20 mM, pH 7.4) with additions of 

Triton X (Fisher), fos-choline 16 (Avanti), or  n-Dodecyl β-D-maltoside (DDM, Anatrace).  

Whole cell lysate, solubilized and insoluble fractions were visualized by SDS-PAGE stained 

with coomaisse. Cell lysates were prepared using a modified membrane enrichment protocol 
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described in (15).  Prepared lysates were affinity purified over a 2-mL bed of NiNTA resin 

(Thermo scientific).  Fractions were run on 12% SDS-PAGE and visualized using coomaisse 

blue staining.  Bands from the gel were excised and sent off for matrix assisted laser desorption 

ionization-TOF-MS (MALDI). Western blots were performed using anti-histidine (1:5000) 

primary antibodies. Alkaline Phosphate conjugated antibodies (1:10,000) were used as secondary 

antibodies.  Westerns were visualized similarly as described in (16). 

Heterologous Expression systems of CbiB 

 Several expression systems have been developed to aid in the purification of membrane 

proteins. One method was Rhodospirillum rubrum expression system uses a mutant strain of R. 

rubrum (H2) capable of expressing intra cytoplasmic membrane (ICM) (17).  In E. coli or S. 

Typhimurium overexpression of membrane proteins stresses the cell resulting in lower protein 

expression.  The ICM provides additional surface area for the insertion of SeCbiB, allowing high 

levels of overexpression and higher protein yields. Attempts using this system were 

unsuccessful.  Using a mammalian derived system, Human Embyronic Kidney cells were 

transfected with a plasmid containing His6-GFP C-terminally tagged Homo sapiens codon 

optimize cbiB (GenScript) (18). Cells expressing the plasmid were grown, extracted and lysed 

using 10 mL of Tris-HCl (25 mM) pH 8 at 4°C with NaCl (150 mM), NP-40 (0.5%) and 

phenylmethane sulfonyl fluoride (PMSF (0.2 mM protease inhibitor)).  Cells were incubated on 

ice for 30 minutes and pelleted for five minutes at 7000 x g. Cells were lysed using sonication at 

50% duty, on for 2s and off 2s for a total of 60 seconds.  Cell debris was cleared by spinning for 

five minutes at 2000 x g.  Supernatant was incubated with NiNTA resin.  Western blots were 

done using mouse-anti-histidine primary antibodies (1:5000) and Alkaline Phosphate conjugated 

goat-anti rabbit secondary antibodies (1:10,000).  Westerns were visualized similarly as 



	   51	  

described in (16). An empty vector and plasmids encoding N or C-terminally tagged SeCbiB 

(pCBIB87/88) were transformed into chemically competent Saccharomyces cerevisiae (strain 

BY4742) as described in (19) and plated on minimal medium without uracil.  

Detection of CbiB using fluorescence microscopy 

 Overnight cultures of JE8185 (ΔcbiB) with empty vector or pCBIB97, in trans, were 

grown in nutrient broth supplemented with 100 µg/mL.  Fresh NB was inoculated with 1:100 of 

each strain and incubated with shaking  (200 rpm) at 37°C for four hours.  Cells were harvested 

at 4000 x g for 5 minutes, the supernatant was removed; cells were then re-suspended in 1:10 

volume of buffered saline.  Ten microliters of cells and 5 µL of 1 mM L-arabinose were spotted 

on to a slide pretreated with a 0.1% (v/w) of poly-L-lysine (Sigma Aldrich). Cultures on slides 

were visualized using fluorescence microscopy. 

RESULTS 

Identification of residues critical for CbiB function 

 The active site of CbiB is still unknown. To address this problem of the location of the 

active site, conserved residues were targeted for site-directed mutagenesis (SDM). Variants were 

categorized based off of the mutant phenotypes. Figure 3.2 depicts represented growth results 

from plasmids encoding residues in trans. Table 3.4 is a summary of doubling times of strains 

with synthesized cbiB variants. Residues that abolished activity under any conditions tested were 

D181, R130, E150A, D154.  It is unknown if the growth impairment was a result of impaired 

activity or instability of the protein.  Increasing concentrations of Cby show an increase growth 

of mutant strains possessing variants, included residues A143V, P159A, R211A, and Y268F.  

Subsequently in the presence of L-arabinose these strains were further rescued.   Residues 

P159A, and Y268F resulted in growth comparable to wild-type CbiB.  
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Solubilization of CbiB presents a bottleneck 

 Ideal solubilization of extracts was seen at low concentrations of DDM or fos-choline 16 

(~1%)(14). Purification of N-terminally His6-CbiB was unsuccessful, because the N-terminus 

appears localized in the membrane, inhibiting contacts with column resin.  A C-terminal His6 

tagged CbiB was constructed into a pET28b vector.   Knowing that OmpA/F was a potential 

problem in rich medium, overexpression was performed in minimal medium containing 25 nM 

cobyric acid in an S.e strain lacking cbiB. Growth in the medium would indicate the expression 

and activity of cbiB. NiNTA resin purification was unsuccessful.  Denatured samples were 

passed over nickel resin. Bands were present in the elution samples and sent off for MALDI-

TOF-MS. CbiB was not detected; OmpA/F was the top-hit (20, 21).  Alternative expressions 

systems were used to express CbiB.  Plasmids pCBIB87/88 were unsuccessfully transformed 

into S. cerevisiae. The empty vector resulted in transformants. The inability for BY4742 to 

uptake pCBIB87/88 may correlate to toxicity of CbiB for membranes.  Additional optimization 

for the expression of cbiB+ in HEK cells is needed. 

Fluorescence microscopy can detect the presence of CbiB 

 This experiments provides foundation steps to look at reassessing the topology of CbiB, 

specifically loop four.  Figure 3.3 shows cells, ΔcbiB with an empty vector vs. ΔcbiB with 

pCBIB97.  Cells expressing cbiB+  (pCBIB97) fluoresce, as indicated by red cells (rods). 

DISCUSSION AND CONCLUSIONS 

Residues important for in vivo activity 

 Strains harboring alleles encoding variants indicate the residues located in loop three and 

loop four are important in CbiB function (Fig 3.1).  When concentrations of Cby are increased, 

doubling time in strains containing plasmids encoding residues A143V, P159A, R211A and 



	   53	  

Y268F, is decreased.  This suggests that these residues may play a role in binding of Cby.  

Alternatively, some of these residues could play a role in binding AP-P.   It was previously 

reported that a complete loss of CbiB activity came from strains expressing plasmids encoding 

residue substitutions D181N and E150A (5, 22). It was speculated that loss activity for D181N 

was do to a loss of an interaction partner from a negative-positive interaction or that D181N led 

to a change in membrane topology resulting in loss of activity.  Plasmids encoding variants 

D181E (conserved) and D181A resulted in no growth (data not shown).  It is unlikely that the 

loss of activity is because of a negative-positive interaction (23). Residues D154 and D181 may 

contribute to catalytic activity of CbiB.  Residue R130 could contribute to the stabilization of an 

ATP molecule, supporting the hypothesis that CbiB could be a synthetase, or the residue could 

stabilize the phosphate group of the product, biochemical data is needed to verify.  If CbiB is a 

synthetase, residues in loop four may contribute to binding of the metal cofactor, magenesium. If 

this is the case, topology of CbiB should be reassessed. It is peculiar that residues located in loop 

four would impact activity because the substrates for CbiB are in the cytoplasm and B12 is 

synthesized in the cytoplasm. It is possible that loop four is houses residues that make up the 

active site.  An alternative idea is that AP-P and Cby are transported out to the periplasm by 

CbiB, the reactions takes place and then the product is stabilized by loops three and five and 

passed to CobU. Questions remain as to what role loop four plays in CbiB activity. Strategies for 

reassessment are discussed in Chapter 4.  

Overexpression of CbiB stresses the membrane  

 Several methods were employed and unsuccessful in purifying and detecting CbiB.  

Lysate from cells grown in minimal medium requiring functional recombinant CbiB resulted in a 

visible increase of a protein corresponding to the size of His6-CbiB. Mass spectrometry results 
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reveal the proteins expressed are OmpA and OmpF, proteins that are typically expressed because 

of disruption of the cell membrane. In Escherichia coli, OmpA functions in structural stability of 

the outer-membrane(24), suggesting that overexpression of CbiB in trans destabilizes the outer-

membrane. OmpF is associated with BtuB (cobalamin transporter), when colicins (bacteriocins) 

are present (25, 26). Anitbiotics and environmental factors may induce expression of colicins 

affecting levels of OmpF.  This is not the first case in which a protein is expressed to stabilize 

bacterial membranes. When CobS (cobalamin 5’ phosphate synthase) is overexpressed, PspA 

(phage shock protein A) expression relieves membrane stress associated with CobS, it acts as a 

biological membrane plug (27).  Alternatives methods were used to express CbiB.   The absence 

of CbiB containing S. cerevisiae transformants supports the idea that expressing CbiB may be 

toxic to the cell. 

Using fluorescence for detection of CbiB 

 A different approach was used to track and detect the production of CbiB. Detection of 

expressed cbiB  and active CbiB is essential before characterizing variants to determine if in 

vitro activity is abolished due to inactivity or lack of protein stability.  Fusion tags can be used to 

visualize CbiB without disrupting function (data not shown).  Cells containing C-terminally 

tagged CbiB-mCherry+ were visualized using fluorescence microscopy, indicating this is a viable 

approach to confirm stability of CbiB variants, specifically in loop four.  Future directions for 

this chapter are discussed in chapter 4. 
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Figure	  3.1:	  Topology	  of	  SeCbiB.	  	  Loops	  are	  labeled	  with	  amino	  acid	  sequence	  below	  
diagram.	  	  
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Table 3.1: Strains list of S. enterica sv. Typhimurium strain LT2 derivatives. Strains were 
constructed during the course of this work unless stated otherwise. 
Strain	   Relevant	  Genotype	   Reference	  Source	  
Salmonella	  enterica	   	   	  JE8185	   metE209	  ara-‐9	  ΔcbiB1309	   (7)	  

	   	   	  Derivatives	  of	  JE8185	   	   	  
	   	   	  JE19549	   JE8185/pMkCBIB1	  bla+	   	  JE19606	   JE8185/pCBIB52	  kan+	   	  JE21386	   JE8185/pCV1	  bla+	   	  JE21387	   JE8185/pCBIB67	  bla+	   	  JE21388	   JE8185/pCBIB69	  bla+	   	  JE21389	   JE8185/pCBIB70	  bla+	   	  JE21390	   JE8185/pCBIB71	  bla+	   	  JE21391	   JE8185/pCBIB72	  bla+	   	  JE21392	   JE8185/pCBIB73	  bla+	   	  JE21393	   JE8185/pCBIB74	  bla+	   	  JE21394	   JE8185/pCBIB75	  bla+	   	  JE21807	   JE8185/pCBIB76	  bla+	   	  JE21808	   JE8185/pCBIB77	  bla+	   	  JE21809	   JE8185/pCBIB78	  bla+	   	  JE21810	   JE8185/pCBIB79	  bla+	   	  JE21811	   JE8185/pCBIB80	  bla+	   	  JE21812	   JE8185/pCBIB81	  bla+	   	  JE21813	   JE8185/pCBIB82	  bla+	   	  JE21817	   JE8185/pCBIB93	  bla+	   	  JE21818	   JE8185/pCBIB94	  bla+	   	  JE21713	   JE8185/pCBIB87	  bla+	   	  JE21714	   JE8185/pCBIB88	  bla+	   	  JE21715	   JE8185/pYES2/NTC	  bla+	   	  
	   JE8185/pCBIB68	  bla+	   	  
	   JE8185/pCBIB89	  bla+	   	  
	   JE8185/pCBIB97	  bla+	   	  
	   JE8185/pBAD-‐mCherry2	  bla+	   	  
	   	   	  Escherichia	  coli	   	   	  
C41	  (DE3)	   F–	  ompT	  gal	  dcm	  hsdSB(rB-‐

	  mB-‐)(DE3)	  
(28)	  

DH5α 

fhuA2	  Δ(argF-‐lacZ)U169	  
phoA	  glnV44	  Φ80	  Δ(lacZ)M15	  
gyrA96	  recA1	  relA1	  endA1	  
thi-‐1	  hsdR17	  
	  

(10)	  

	   	   	  Saccharomyces	  cerevisiae	   	    
BY4742	   MATα	  his3Δ1	  leu2Δ0	  lys2Δ0	  

ura3Δ0	   (29) 
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Table 3.2: Plasmids list. Plasmids were constructed during the course of this work unless stated 
otherwise. 
Plasmid	   Relevant	  Genotype	   Reference	  Source	  
pCBIB44	   cbiB38	  cloned	  into	  pTEV16	  bla+	  

	  pCBIB52	   cbiB45	  (encodes	  CbiBE150A)	  kan+	  
	  pCBIB67	  	   cbiB37	  (encodes	  CbiB+)	  bla+	  
	  pCBIB68	  	   cbiB63	  (encodes	  CbiBΔ2-‐12)	  bla+	  
	  pCBIB69	  	   cbiB57	  (encodes	  CbiBD202A)	  bla+	  
	  pCBIB70	  	   cbiB47	  (encodes	  CbiBP159A)	  bla+	  
	  pCBIB71	  	   cbiB54	  (encodes	  CbiBY186A)	  bla+	  
	  pCBIB72	  	   cbiB48	  (encodes	  CbiBT179A)	  bla+	  
	  pCBIB73	  	   cbiB39	  (encodes	  CbiBD13E)	  bla+	  
	  pCBIB74	  	   cbiB52	  (encodes	  CbiBM183A)	  bla+	  
	  pCBIB75	  	   cbiB60	  (encodes	  CbiBY268F)	  bla+	  
	  pCBIB76	  	   cbiB41	  (encodes	  CbiBP25A)	  bla+	  
	  pCBIB77	  	   cbiB43	  (encodes	  CbiBA143V)	  bla+	  
	  pCBIB78	  	   cbiB46	  (encodes	  CbiBD154A)	  bla+	  
	  pCBIB79	  	   cbiB49	  (encodes	  CbiBD181A)	  bla+	  
	  pCBIB80	  	   cbiB53	  (encodes	  CbiBG185A)	  bla+	  
	  pCBIB81	  	   cbiB55	  (encodes	  CbiBG195A)	  bla+	  
	  pCBIB82	  	   cbiB56	  (encodes	  CbiBA199G)	  bla+	  
	  pCBIB87	  	   cbiB38	  cloned	  into	  pYES2/NT	  URA+	  bla+	   	  	  

pCBIB88	  	   cbiB38	  cloned	  into	  pYES2/CT	  URA+	  bla+	   	  	  
pCBIB89	  	   cbiB64	  (encodes	  CbiBΔ297-‐319)	  bla+	   	  	  
pCBIB93	  	   cbiB51	  (encodes	  CbiBD181N)	  bla+	   	  	  
pCBIB94	  	   cbiB58	  (encodes	  CbiBR211A)	  bla+	   	  	  
pCBIB97	  	   cbiB38	  cloned	  into	  pBAD-‐mCherry2	  bla+	   	  Laboratory	  Collection	  
pMkCBIB1	   Methanopyrus	  kandleri	  cbiB	  cloned	  into	  

pCV1	  bla+	   	  	  
pBAD-‐mCherry2	  	   C-‐terminal	  mCherry	  tag	  cloned	  into	  

pBAD24	  bla+	   	  	  
pCV1	  	   Cloning/complementation	  vector	  bla+	   	  (13)	  
pTEV16	   Cloning/overexpression	  vector,	  N-‐

terminal	  rTEV	  cleavable	  His6	  tag	  bla+	   	  (13)	  
pYES2/NTC	   S.	  cerevisiae	  expression	  vector	  	   Invitrogen	  
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Table 3.3:  Mutagenic primers used to introduce changes to cbiB 

Plasmid Residue 
Changed Primers Forward and Reverse (5' to 3') 

pCBIB69 D202A GCGAACTATCTTGCTGCCCGACTGAG 
CTCAGTCGGGCAGCAAGATAGTTCGC 

pCBIB70 P159A GTTGACGGCATTATCGCGGCGCTCT 
GGAAAAAGAGCGCCGCGATAATGCCG 

pCBIB71 Y186A CCCTGGATTCAATGGTGGGCGCCAAACATG 
CATGTTTGGCGCCCACCATTGAATCCAGGG 

pCBIB72 T179A GCCTACAAAGCCGTCAATGCCCTGG 
CCATTGAATCCAGGGCATTGACGGCTTTGTAG 

pCBIB73 D13E GTGTATCGCCTGGGTGCTGGAGTTTATC 
GATAAACTCCAGCACCCAGGCGATACAC 

pCBIB74 M183A CAATACCCTGGATTCAGCGGTGGGCTACAAACATG 
CATGTTTGTAGCCCACCGCTGAATCCAGGGTATTG 

pCBIB75 Y268F GGCCCAAATAACTTCTTTGGCGAGCGTG 
CACGCTCGCCAAAGAAGTTATTTGGGCC 

pCBIB76 P25A CAACACTGGCCCCATGCGGTACGCTGGATAG 
CTATCCAGCGTACCGCATGGGGCCAGTGTTG 

pCBIB77 A143V CAGATCAATCGCGTCGTGGTGGAAACG 
CGTTTCCACCACGACGCGATTGATCTG 

pCBIB78 D154A GAAAACACCGTTGCCGGCATTATCGCG 
CGCGATAATGCCGGCAACGGTGTTTTC 

pCBIB79 D181A GTCAATACCCTGGCTTCAATGGTGGGC 
GCCCACCATTGAAGCCAGGGTATTGAC 

pCBIB80 G185A CCTGGATTCAATGGTGGCGTACAAACATGAAAAATA 
GTATTTTTCATGTTTGTACGCCACCATTGAATCCAGG 

pCBIB81 G195A GATTGGTATGGTCAGCGGACGTATGGACGACGTAG 
CTACGTCGTCCATACGTCCGCTGACCATACCAATC 

pCBIB82 A199G GTCAGCGCCCGTATGGCAGACGTAGCGAACTATC 
GATAGTTCGCTACGTCTGCCATACGGGCGCTGAC 

pCBIB90 R130A CTCCTGGATCGTCGGGGCAGATACGTCGCAACTTC 
GAAGTTGCGACGTATCTGCCCCGACGATCCAGGAG 

pCBIB91 E150A GAAACGGTTGCAGCAAACACCGTTGACG 
CGTCAACGGTGTTTGCTGCAACCGTTTC 

pCBIB93 D181N CCGTCAATACCCTGAATTCAATGGTGGGC 
GCCCACCATTGAATTCAGGGTATTGACGG 

pCBIB94 R211A CGAACTATCTTCCTGCCGCACTGAGCTGG 
CCAGCTCAGTGCGGCAGGAAGATAGTTCG 

pCBIB95 Y268A ATCCAGCTCGGTGGCCCAAATAACGCCTTTGGCGAGC
GTGTGGACAAGC 
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Table 3.4: Doubling time (hours) of strains synthesizing cbiB variants in increasing 
concentrations of CN2Cby  

 
1 nM 2 nM 4 nM 8 nM 

arabinose - +1 - + - + - + 
Variant         

WT 2.6 2.4 1.7 1.7 1.5 1.5 1.5 1.4 
R130A NG2 NG NG NG NG NG NG NG 
A143V NG NG NG 20.6 NG 13.3 20.9 8.8 
D154A NG NG NG NG NG NG NG NG 
P159A NG 3.8 16.3 2.4 10.3 1.9 6.9 1.6 
D181N NG NG NG NG NG NG NG NG 
A199G NG NG NG NG NG NG NG NG 
R211A NG 8.3 NG 5.7 NG 4.8 13.5 4.3 
Y268F 16.8 3.2 10 2.2 7 1.8 5.1 1.7 

1Doubling times in the presence of 0.5 mM arabinose  
2NG indicates no significant growth 
	  
 
 
 
 

	  
Figure	  3.2:	  Complementation	  of	  a	  cbiB	  S.	  Typhimurium	  strain.	  	  Growth	  analysis	  of	  cbiB	  
mutants	  (in	  trans)	  grown	  aerobically	  at	  37°C	  in	  NCE	  minimal	  medium	  supplemented	  with	  	  
A.	  Glycerol	  (22	  mM),	  MgSO4	  (1	  mM),	  Cby	  (1	  nM)	  	  DMB	  (150	  µM)	  Ampicillin	  (50	  µg/mL)	  or	  
B.	  in	  the	  presence	  of	  L-‐arabinose	  (0.5	  mM)	  Refer	  to	  table	  3.4	  for	  doubling	  times	  
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Figure	  3.3:	  Fluorescence	  microscopy	  of	  S.	  Typhimurium	  cbiB	  strains.	  	  cbiB	  mutant	  are	  
expressing	  mCherry+	  (Empty	  Vector)	  or	  with	  cbiB-‐	  mCherry+	  (pCBIB97)	  in	  the	  presence	  of	  
1	  mM	  arabinose	  
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CHAPTER 4 

 SUMMARY AND FUTURE DIRECTIONS 

SUMMARY 

AdoCbl biosynthesis has been extensively studied (1-4). These works represent the studies of 

late steps of biosynthesis. Even though this pathway has been studied for decades, knowledge 

gaps remain in understanding the reaction mechanism of proteins, in particular CbiZ and CbiB 

(5, 6).  Chapter 2 and 3 establishes the importance of certain residues, a need for protein 

structures and an activity assay.  Here I summarize the next steps to further study these enzymes.  

FUTURE DIRECTIONS 

What are the metal requirements of CbiZ? 

CbiZ belongs to the enzyme superfamily of amidohydrolases (7). Typical characteristics 

include having metallic cofactors that contribute to catalytic activity.  In order to determine this 

purified CbiZ needs to be screened against various monovalent and divalent metal cofactors.  

Determining the native cofactor will be important for kinetic analysis.  

What is the activity of RsCbiZ and variants in vitro    

In order to understand the phenotypes of RsCbiZ variants, in vitro techniques must be 

used to study enzyme activity, substrate binding and protein stability.  These include using 

methods to assess activity One approach is using isothermal calorimetry (8) to measure binding 

of substrate to protein.  In this case AdoPseudoCbl, AdoCbl, AdoCbi and AdoCby would need to 

be assessed using wild-type RsCbiZ and then comparing results to variants to determine what 

role those residues play.  To determine if variants result in mis-folded protein Differential 
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Scanning Calorimetry (DSC) (9) can be employed and compared to the thermal signature of 

His6-MBP-RsCbiZ+.   

A Crystal structure of CbiZ is needed 

Several homologs were overexpressed to determine the best candidate to submit for 

crystal screening.  MBP-BhCbiZ was the top candidate because of the quantity of protein 

expressed. Unpublished data shows that the CbiZ domain of the fusion protein BhCbiZ-BtuD is 

active in vitro when CN2Cbi is the substrate.  It remains unknown the specific substrate BhCbiZ 

is able to use, it’s function is secondary to having a crystal structure. Currently MBP-BhCbiZ is 

being submitted to the Rayment Labaratory.  If the submission of this protein results in a crystal 

structure, purification of MBP-BhCbiZ in complex with CN2Cbi would help shed light on where 

the corrinoids are binding.   

Does CbiZ interact with CbiB?  

Previous studies show that CbiB function is necessary in scavenging cobamides and 

archaeal salvaging. Is it known that the product of CbiZ reactions is Cby, the substrate that 

reenters the B12 biosynthesis pathway via CbiB yielding Cbi-P, which is then reintegrate into the 

nucleotide loop assembly pathway resulting in the formation of AdoCba. In order to continue 

these studies, tagged CbiB that contains antibody specific epitopes can be used to track changes 

using immunoblots.  One approach is using in vivo crosslinking where a S. Typhimurium strain 

expressing RsCbiZ and fluorescently tagged CbiB (10-12).  Antibodies against fluorescent tag 

and RsCbiZ would be used to track protein weight changes in an immunoblot.   

Reassessment of CbiB topology 

LacZ-PhoA fusions were used to elucidate experimental topology of CbiB (5).  Data from 

Chapter 3 shows that three out of four residues that are the result of a null allele are located in 
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loop 4, that was determined to be exposed in the periplasm (5).  This is of interest because the 

product is the substrate of the cytoplasmic enzyme CobU. The product of the pathway, AdoCbl, 

is also found in the cytoplasm.  To verify this loop is exposed to the periplasm, pstI cut sites 

constructed in cbiB plasmids, as described in (5) will be used to insert gene-encoding GFP.  

Using GFP fusions is advantageous because it is a fraction of the size of LacZ and PhoA proteins 

(13, 14).  It is a possibility that using these larger proteins may have disrupted the 

topology/orientation of CbiB. Using fluorescent microscopy, the orientation of the loop four can 

be verified.  If loop four remains in the periplasm, it begs the question, why? Are the residues in 

that loop contributing to protein stability and not involved directly in the catalytic mechanism?  

Constructing mutants encoding conserved mutations of the null alleles and testing phenotypes 

would help determine if lack of activity is a result of residues changed to alanine or if they are 

important residues for activity.  

Is CbiB a synthase or synthetase? 

It has been shown that a diverse superfamily of enzymes is capable of ATP-dependent 

carboxylate-amine/thiol ligase activity (15). The proposed mechanism of CbiB coincides with 

the mechanism seen from this superfamily of enzymes (16).  These reactions combine a 

carboxylate and amine to form an amide (5).  In this instance, AdoCby is the carboxylate and 

AP-P is the amine resulting in AdoCbi-P. From a chemical standpoint, an amine is too weak of a 

nucleophile and a hydroxyl, a poor leaving group. ATP-dependent ligases form an acyl-

phosphate intermediate to activate the carbonyl group.  The amine can then attack the 

intermediate, displace the phosphate group and form the final product, an amide.  From an 

energetics standpoint having an activated intermediate (AdoCby-P) would mean CbiB is a 
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synthetase and not a synthase, an activity assay must be established to assess the energy source 

of the reaction, if any.   

Confirming membrane toxicity from CbiB production 

To verify membrane toxicity from the overexpression and production of CbiB, E. coli 

mutants, single and double of ompA and ompF, respectively should be constructed.  Cellular 

arrest in these deletion strains would indicate that expressing cbiB+ damages the bacterial 

membrane.   
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