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ABSTRACT

Essential in the maintenance of gene expression, metabolism, and the modification of
macromolecules, methyl transfer reactions often involve S-adenosyl-methionine (SAM) as the
methyl donor and are catalyzed by a group of enzymes known as SAM-dependent methylases.
While some enzymes employ an SN2 mechanism to methylate their substrates, a subset of the
methylases have been shown to employ radical chemistry and a 5’-deoxyadenosyl 5’-radical
(5’dA•) intermediate to catalyze methylation. These radical-dependent methylases have been
grouped into three classes—A, B, and C—that are separated according to structural and
mechanistic similarities. All members of the RS superfamily are distinguished by certain
structural features, including the presence of at least one [4Fe-4S] cluster that is coordinated by
the Cys residues of a conserved CxxxCxxC motif. While members of Class A RS methylases
have been moderately characterized, very little mechanistic insight is available for Class B
enzymes, which appear to use methylcobalamin as a cosubstrate, and even less is known about
Class C enzymes. Representative Class C enzymes NosN and BlmOrf8, involved in the
biosynthesis of the antibiotics nosiheptide and bleomycin, respectively, have been identified
based on conserved elements in their amino acid sequences. In this study, NosN and BlmOrf8
were heterologously overproduced in Escherichia coli, purified, reconstituted, and characterized
using analytical and spectroscopic methods. Characterization of, and investigation into, the
mechanisms of NosN and BlmOrf8 have revealed that these enzymes contain one [4Fe-4S]
cluster thought to bind SAM and aid in cleavage to S-adenosyl-homocysteine (SAH) and 5’dA•.
This study suggests that, for the representative enzyme NosN, the enzyme binds two equivalents
of SAM simultaneously to assemble the newly introduced methyl group.

ii

TABLE OF CONTENTS
List of Figures ......................................................................................................................... iv
List of Tables ........................................................................................................................... vi
Acknowledgements .................................................................................................................. vii
Chapter 1: The Radical SAM Methylase (RS) Superfamily: Classification, Function, and
Preliminary Characterization ........................................................................................... 1
The Radical SAM Methylase Superfamily ...................................................................... 1
Class A RS Methylases ............................................................................................ 5
Class B RS Methylases ............................................................................................ 7
Class C RS Methylases ............................................................................................ 9
Project Objectives .................................................................................................... 14
Chapter 2: Cloning, Expression, and Characterization of NosN ............................................. 16
Introduction ...................................................................................................................... 16
Materials........................................................................................................................... 19
Methods............................................................................................................................ 20
Production and Purification of NosN ....................................................................... 20
Reconstitution and Characterization of NosN .......................................................... 24
Results and Discussion..................................................................................................... 28
Production and Purification of NosN ....................................................................... 28
Reconstitution and Characterization of NosN .......................................................... 34
Conclusions ...................................................................................................................... 42
Chapter 3: Cloning, Expression, and Characterization of BlmOrf8 ........................................ 44
Introduction ...................................................................................................................... 44
Materials........................................................................................................................... 48
Methods............................................................................................................................ 49
Production and Purification of BlmOrf8 .................................................................. 49
Reconstitution and Characterization of BlmOrf8 ..................................................... 53
Results and Discussion..................................................................................................... 57
Production and Purification of BlmOrf8 .................................................................. 57
Reconstitution and Characterization of BlmOrf8 ..................................................... 61
Conclusions ...................................................................................................................... 68
Chapter 4: Activity Determination of NosN and BlmOrf8 ...................................................... 70
Introduction ...................................................................................................................... 70
The Role of NosN in the Nosiheptide Biosynthetic Pathway .................................. 72
Materials........................................................................................................................... 75
Methods............................................................................................................................ 76
Assays ...................................................................................................................... 76
Production and Purification of NosK ....................................................................... 77
Assays to Detect Activity of NosK .......................................................................... 80
NosK and NosN Coupled Assays............................................................................. 80

iii

Results and Discussion..................................................................................................... 81
Assays ...................................................................................................................... 81
Production and Purification of NosK ....................................................................... 84
Assays to Detect Activity of NosK and NosN ......................................................... 87
Conclusions ...................................................................................................................... 89

iv

LIST OF FIGURES
Figure 1.1: Structure of S-adenosyl-methionine (SAM) .......................................................... 1
Figure 1.2: Binding of SAM to [4Fe-4S]2................................................................................ 3
Figure 1.3: Structural domains of the RS Superfamily ............................................................ 4
Figure 1.4: Proposed mechanism of catalysis of Class B enzymes ......................................... 8
Figure 1.5: Structure of Nosiheptide ........................................................................................ 10
Figure 1.6: Reaction catalyzed by NosN ................................................................................. 10
Figure 1.7: Structure of bleomycin .......................................................................................... 12
Figure 1.8: Reaction catalyzed by BlmOrf8 ............................................................................ 14
Figure 2.1: Proposed Scheme of biosynthesis of the indolic acid moiety................................ 18
Figure 2.2: Structural features of the pET-26b plasmid23 ........................................................ 29
Figure 2.3: Restriction digests of pET-26b and nosN .............................................................. 30
Figure 2.4: SDS-PAGE electrophoresis showing expression of nosN ..................................... 32
Figure 2.5: SDS-PAGE electrophoresis showing IMAC purification of NosN....................... 33
Figure 2.6: SDS-PAGE electrophoresis showing NosN apo and NosN holo before and after
reconstitution and ananerobic gel filtration with an S-200 column ................................. 35
Figure 2.7: UV-visible spectra for NosN as isolated and reconstitued proteins. ..................... 36
Figure 2.8: Mössbauer spectra of NosN as isolated and reconstitued proteins. ....................... 40
Figure 3.1: The structures of bleomycin and tallysomycin. ..................................................... 46
Figure 3.2: Proposed catalysis of C-methylation of the pyrimidine ring by BlmOrf8............. 47
Figure 3.3: Restriction digests of pET-26b and blmOrf8 ......................................................... 57
Figure 3.4: SDS-PAGE electrophoresis showing expression of blmOrf8 ............................... 59
Figure 3.5: SDS-PAGE electrophoresis showing IMAC purification of BlmOrf8.................. 60
Figure 3.6: SDS-PAGE electrophoresis showing BlmOrf8 apo and BlmOrf8 holo before and after
reconstitution and ananerobic gel filtration with an S-200 column ................................. 62
Figure 3.7: UV-visible spectra for BlmOrf8 as isolated and reconstituted proteins ................ 63
Figure 3.8: Mössbauer spectrum of BlmOrf8 as isolated and reconstituted proteins. ............. 67

v

Figure 4.1: Multiple sequence alignment of HemN (E. coli), NosN (S. actuosus) and BlmOrf8 (S.
vercillus)........................................................................................................................... 71
Figure 4.2: Product formation by NosN in a reaction with MIA, SAM, and dithionite. ......... 73
Figure 4.3: Alternate pathways of nosiheptide synthesis by NosN and NosK ........................ 74
Figure 4.4: Formation of 5’dA by NosN (100 μM) in an assay to test SAM cleavage activity.
Figure 4.5: Deuterated tri-methyl SAM incorporation into 5’dA by NosN ............................. 82
Figure 4.6: Restriction digests of pET-28 and nosK ................................................................ 84
Figure 4.7: SDS-PAGE showing expression of NosK ............................................................. 85
Figure 4.8: SDS-PAGE showing IMAC purification of NosK ................................................ 86
Figure 4.9: UV-Visible spectrum of NosK . ............................................................................ 87
Figure 4.10: Product formation by NosK and NosN in NosK activity and NosN-NosK coupled
assays. .............................................................................................................................. 88

81

vi

LIST OF TABLES
Table 1.1: Classes and Representative Enzymes of the RS Superfamily................................. 5
Table 2.1: Quantification of iron and sulfide atoms per protein molecule .............................. 38
Table 3.1: Quantification of iron and sulfide atoms per protein molecule .............................. 65

vii

ACKNOWLEDGEMENTS
First, I would like to thank Dr. Squire Booker for giving me the opportunity to conduct
research within his laboratory. He has provided me with an invaluable experience to contribute
to the scientific community through this research project. Whenever I required assistance, from
questions about my research to fulfilling administrative requirements, he was always available
and willing to help. Through his mentorship, I have expanded my knowledge of key scientific
principles and advanced my proficiency in research skills. For all of this, I am extremely
grateful.
Secondly, I would like to thank the entire Dr. Booker lab for their support and assistance.
No matter how many questions I asked or the amount of help I needed to accomplish a task,
everyone was willing and eager to assist me to the best of their abilities. In particular, I would
like to thank Tyler Grove for his extensive assistance with this project. No matter how many
difficulties arose, he never failed to help me troubleshoot problems. I have learned much about
research and science thanks to his guidance. In addition, I would like to express my gratitude to
Dr. Carsten Krebs and Maria Pantelia for their assistance with the Mössbauer spectroscopy used
to characterize the enzymes. Maria Pantelia in particular helped greatly with my understanding
of the technique and analysis of the results.
I am grateful to the Biochemistry and Molecular Biology department and the Schreyer
Honors College for giving me the opportunity and tools to complete this project. Without the
support of both of these organizations, including administrative personnel, I would not have the
ability to conduct this research. They have pushed me to advance both academically and person
ally by encouraging me to tackle this challenge, and my character has grown because of it.

viii

Finally, I would like to express my utmost gratitude to the family and friends who have
supported me throughout the research and writing of thesis. My parents, Howard and Cristin
Gadsby, have offered me unending support, in both the good and the bad times, and their
confidence in my abilities has helped to enhance my own self-assurance. They have contributed
greatly to my academic experience ever since pre-school, and I would not be half of the student
or person I am without their support.

1

Chapter 1:
The Radical SAM Methylase (RS) Superfamily: Classification,
Function, and Preliminary Characterization

The Radical SAM Methylase Superfamily
Methyl transfer reactions are essential in numerous biological processes, including gene
expression, the synthesis of myriad small molecules, antibiotics, antitumor agents, and other
natural products, and the modification of macromolecules such as RNA, DNA, lipids,
carbohydrates, and proteins. The overwhelming majority of these methylation events involves Sadenosyl-L-methionine (SAM) as the methyl donor and proceeds by polar, nucleophilic
displacement mechanisms. SAM (Figure 1.1) contains a sulfonium group with three electrophilic
alkyl substitutents surrounding the central sulfur atom. All three alkyl groups—methyl,
homoalanyl, and 5’deoxyadenosyl—are known to be transferred enzymatically to various
acceptors; however, the transfer of a methyl group is most common.1

Figure 1.1: Structure of S-adenosyl-methionine (SAM)

The enzyme catechol O-methyl transferase (COMT) has served as a paradigm for SAMdependent methytransferases. This enzyme catalyzes the methylation of catecholamines and
other catechols via transfer of the methyl group from SAM to one of the hydroxyl groups of the
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substrate in the presence of Mg2+. Studies on the reaction have revealed that the methyl transfer
proceeds through an SN2 nucleophilic attack by one of the hydroxyl groups of the catechol
substrate on the methyl carbon of SAM. Those catechols that contain electronegative
substituents are poor substrates of COMT, and instead have inhibitory effects on the enzyme.
The inability of COMT to methylate electrophilic substrates indicates a restriction of the SN2
displacement mechanism, the need for a nucleophilic substrate.42 It has been discovered that
some reactions by SAM-dependent methylases proceed by radical mechanisms to methylate an
electrophilic substrate.1
The radical SAM (RS) superfamily contains over 2800 enzymes that catalyze a host of
different reaction types using radical chemistry, such as sulfur insertion, fragmentations,
dehydrogenations, complex rearrangements, metallocofactor assembly, and methylations. These
reactions are found in a number of critical biological pathways, including DNA biosynthesis and
repair, cofactor construction, RNA and ribosome modification, antiviral activity, and the
construction of a numerous natural products that act as antineoplastic and antibiotic agents.
Studies indicate that RS enzymes were among the first proteins to catalyze biological reactions
by radical mechanism. Members of the RS superfamily are distinguished by certain structural
features. They contain at least one [4Fe-4S] cluster that is coordinated by three cysteine (Cys)
residues of a conserved CxxxCxxC motif. SAM binds the [4Fe-4S] cluster2 (Figure 1.2) in a
bidenate fashion via its amino and carboxylate functionalities.
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[4Fe-4S]

Figure 1.2: Binding of SAM to [4Fe-4S]2

The iron-sulfur (Fe/S) cluster provides the requisite electrons for the reductive cleavage
of SAM to yield methionine and a 5’-deoxyadenosyl 5’-radical (5’dA•). The reactive 5’dA• then
abstracts a hydrogen atom (H•) from the substrate to initiate radical catalysis.3 The [4Fe-4S]
cluster exists in two different oxidation states, +2 and +1. The +2 oxidation state is the resting
state of the Fe/S cluster, while the one-electron reduced +1 oxidation state is the active state of
the Fe/S cluster with respect to cleaving SAM. In Escherichia coli (E. coli) the [4Fe-4S] cluster
can be reduced from the +2 oxidation state to the +1 oxidation state by the flavodoxin/flavodoxin
redutase system, which derives reducing equivalents from NADPH, while in vitro chemical
reductants such as dithionite or illuminated deazaflavin can reduce the iron-sulfur cluster.4
The reduction of SAM to generate the 5’dA• is thermodynamically unfavorable in
solution. Midpoint potentials for the Fe/S clusters of RS enzymes (~550 mV) are found to be
much higher than the midpoint potential for the irreversible one-electron reduction of a
trialkylsulfonium ion (~1.8 V). A study of the thermodynamics of SAM cleavage by the RS
enzyme lysine 2,3-aminomutase shows that the microenvironment of the active site both raises
the redox potential of SAM by approximately 810 mV and lowers the redox potential of the
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[4Fe- 4S] cluster upon substrate binding. This alteration of potentials corresponds to a decrease
in the energy barrier for the reductive cleavage of SAM from 32 kcal/mol to 9 kcal/mol, a total
of 23 kcal/mol. It is theorized that ligation of the sulfur atom of the methionine to the unique iron
site during cleavage aids in inner-sphere electron transfer and thus generates additional energy
for the unfavorable reduction. Additional calculations into the energetics of SAM cleavage by
enzymes of the RS superfamily have provided support for these studies.2
Despite common structural features that facilitate SAM cleavage, members of the RS
superfamily are grouped into a number of classes, one of which is RS enzymes that catalyze
methylation of unactivated C—H bonds. In turn, the RS methylases have been divided into three
distinct classes according to sequence homology and their presumed mechanism of action.1 The
different classes of RS methyases, some representative enzymes, and their proposed substrates
are listed in Table 1.1. Members of the Class A RS methylase family, which includes the
enzymes RlmN and Cfr, contain a single canonical radical SAM domain. Class B enzymes are
thought to have both a radical SAM domain in the C-terminus as well as a cobalamin binding
domain (CBD) in the N-terminus. The final class of RS methylases, Class C, contains enzymes
with a separate C-terminal domain thought to assist in substrate binding because of considerable
sequence similarity with another characterized RS enzyme, coproporphyinogen III oxidase
HemN. The structural differences of the different classes of the RS family are illustrated in
Figure 1.3.

Figure 1.3: Structural domains of the RS Methylases
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Table 1.1: Classes and Representative Enzymes of the RS Superfamily
Class
A

Enzyme
RlmN
Cfr

Function
rRNA modification
rRNA modification

Substrate
NH2
N

N

RlmN

B

Fom3

Fosfomycin biosynthesis

CloN6

Clorobiocin biosynthesis

Cfr
N

N

H

X

N
H

TsrT

O

Thiostrepton
biosynthesis
N
H

Bcp/PhpK

Bialaphos biosynthesis

O
P
HO

C

NosN

H

Nosiheptide biosynthesis
O
N
H

BlmOrf8

Bleomycin biosynthesis

N

N

H2N
O

Class A RS Methylases
The Class A methylases, RlmN and Cfr, contain five conserved Cys residues, of which
three are in the canonical CxxxCxxC RS motif, and all of which have been shown by site-
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directed mutagenesis studies to be essential in the reaction.4 An N-terminal accessory domain,
different from other characterized RS family accessory domains, is connected to the core via
three different β strands.7 Both RlmN and Cfr are involved in modification of bacterial 23S
ribosomal RNA. RlmN, a “house-keeping” enzyme, methylates C2 of adenosine 2503 (A2503),
while Cfr, in a mechanism that confers antibiotic resistance to drugs that target the ribosome,
methylates C8 of A2503. Because C2 and C8 of A2503 reside in two amidine functional groups,
resonance structures and electrostatic potential maps indicate that these carbons are electrophilic,
and thus unlikely to undergo methylation via an SN2 mechanism.5
A combination of single turnover studies and X-ray crystallography has shown that
catalysis by these representative Class A enzymes involves a ping-pong mechanism that employs
a methylated conserved cysteine residue intermediate. During catalysis, an initial, priming step
takes place, in which a methyl group is transferred from the first molecule of SAM, bound to the
unique iron site of the [Fe-4S] cluster to a conserved cysteine residue (Cys355) by an SN2
displacement mechanism. The [4Fe-4S] cluster of the enzyme then reductively cleaves a second
SAM molecule, bound to the same site, to form the 5’-dA•. The radical abstracts a H• from the
protein-bound methyl group to form a protein-bound neutral radical. This radical then attacks the
carbon on A2503 in 23S rRNA to form a carbon-carbon bond, and loss of an electron generates
an alkylated adenine crosslinked to the protein via Cys355. Cys118 cleaves the crosslink through
an attack on Cys355, which yields a disulfide bond and releases the methylated product. Cfr uses
a similar mechanistic strategy to methylate C8. Because Cfr evolved from RlmN, it also retains
some ability to methylate C2, suggesting a flexible binding pocket capable of binding two
different conformations of A2503.6 Crystal structures showing a methylated Cys355 and the
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absence of a binding pocket for SAM distinct from the [4Fe-4S] cluster in the active site provide
additional support for the proposed ping pong mechanism.7
This representative mechanism includes some unique strategies for catalysis compared to
other characterized RS proteins. Class A enzymes employ H• abstraction by a 5’dA• on a methyl
group covalently bound to the enzyme as opposed to abstraction from a noncovalently bound
substrate. This intermediate reaction affords a species—a nucleic acid radical connected to a
protein via a carbon atom originating from SAM—that is unique in radical SAM chemistry.7 The
combinatory homolytic and heterolytic cleavage of SAM by RlmN, however, is not unique to
Class A enzymes. Radical SAM methylases MiaB and RlmO also use one molecule of SAM for
heterolytic cleavage and a second molecule of SAM for homolytic chemistry.1

Class B RS Methylases
Like Class A RS methylases, Class B enzymes contain a core radical SAM domain, but
are also structurally distinguished by an additional N-terminal cobalamin-binding domain.8 Class
B enzymes perform diverse functions that include methylation of unactivated sp3- and sp2hybridized carbon centers, aromatic rings, and phosphinates by such enzymes as Fom3, CloN6,
TsrT, and BcpD/PhpK. These enzymes perform key steps in the biosynthesis of various
antibiotics, such as fosfomycin, clorobiocin, and thiostrepton, as well as the herbicide bialaphos.1
Studies on loss of function variants of CloN69 and gene disruption studies on Fom310 have
confirmed the essential role of the methyl transfer functions in the biosynthesis of their
respective compounds. Disruption of protein function produces a product lacking a methyl group
on either the final product or a key intermediate.9, 10
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The use of cobalamin (B12) as a methyl carrier in the mechanism of methyl transfer from
SAM to substrate further differentiates Class B RS methylases from the cysteine-employing
Class A enzymes. Labeling studies carried out during the biosynthesis of fosfomycin and
bialaphos show the incorporation of 14CH3 in either cobalamin-deficient strains or whole cell
extracts from [methyl-14C]—methylcobalamin (MeCbl) to product.11, 12 The transfer of the
methyl group from MeCbl to product suggests that MeCbl is a key cofactor or substrate in the
methylations catalyzed by these and other Class B enzymes.
Early labeling studies concerning C2 methylation of tryptophan during thiostrepton
biosynthesis by TsrT revealed retention of stereochemistry about the methyl group as opposed to
the expected inversion of configuration via an of SN2 displacement.13 This retention of
stereochemistry, the role of cobalamin, and the general chemistry of RS enzymes have led to a
proposed mechanism of catalysis for Class B enzymes shown in Figure 1.4.

Figure 1.4: Proposed mechanism of catalysis of Class B enzymes

In this model, SAM is reductively cleaved by the enzyme to produce a 5’dA• that
abstracts a H• from the substrate. The radical intermediate produced then reacts with MeCbl to
generate both the methylated product and cob(II)alamin. Cob(II)alamin is then reductively
methylated by SAM to regenerate the MeCbl cofactor.10 Examples of similar methyl group
transfers of a methyl group from MeCbl to a carbon-based radical exist in cobalamin solution
chemistry. Notably, while this model proposes the use of two SAM molecules, another plausible
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mechanism suggests the use of MeCbl as a stoichiometric cosubstrate rather than a regenerated
cofactor.1

Class C RS Methylases
In addition to the conserved CxxxCxxC motif of RS enzymes, members of Class C RS
methylases contain a C terminal domain similar to the characterized RS enzyme HemN. Because
they lack the two additional conserved cysteine residues of Class A enzymes, members of Class
C are thought to use a distinct mechanism of catalysis that perhaps employs two SAM
molecules.1 Indeed, the crystal structure of Class-C-like HemN contains two SAM molecules:
one bound to the [4Fe-4S] cluster and one bound at an adjacent site. The loss of HemN activity
upon substitutions that disrupt the second binding site suggests the mechanistic importance of the
second molecule of SAM. Although the use of two SAM molecules, one to generate the 5’dA•
and one to donate the methyl group, is believed to be common to all classes of the RS methylase
family, the separate binding sites for the two molecules of SAM and the lack of additional
conserved cysteines suggests a distinct mechanism from the Class A enzymes. The
characterization and investigation into the mechanism of Class C enzymes, in particular the
representative enzymes NosN and BlmOrf8, is studied here.

NosN
NosN is involved in the biosynthesis of nosiheptide, an antibiotic belonging to the e
series of thiopeptides that targets bacterial rRNA and tRNA interaction during peptide
synthesis.14 Nosiheptide has recently gained attention for its efficacy against methicillin resistant
Staphylococcus aureus (MRSA)15 and as a drug lead for antibiotic development. Like other
members of the e series of thiopeptides, nosiheptide contains a macrocyclic core that consists of
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multiple thiazole rings and a unique indole side ring system.16 The structure is shown in Figure
1.5.
The mechanism of the biosynthesis of nosiheptide, involving numerous synthetic and
regulatory genes, remains unknown in its entirety. Studies on the nos gene cluster in
Streptomyces actuosus have revealed a preliminary understanding of the biological machinery
and synthetic process. The macrocyclic core of nosiheptide is formed by a ribosomallysynthesized precursor peptide, encoded by nosM, and altered by post-translational modification
by NosD, NosE, NosF, NosG, and NosH, a strategy similar to the synthesis of b or c series
thiopeptides. Formation and attachment of the indole side ring system is carried out by NosI,
NosL, NosK, and NosN.16

Figure 1.5: Structure of nosiheptide

In a study by Liu et. al16 to elucidate the role of NosN in nosiheptide biosynthesis, nosN
was inactivated by in-frame deletion. The mutant S. actuosus strain lost the ability to produce
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nosiheptide, but a new compound corresponding to the structure of an analogue with an open
side ring was formed. The intermediate contained a 3-methylindolyl group attached to the -SH
group of Cys45 on the thiopeptide framework by a thioester linkage. These structural features
provided support for the function of NosN as a methylase acting at the C4 position. These
findings, together with labeling studies showing incorporation of the methyl group of SAM at the
C4 position of nosiheptide, suggest the role of NosN in the formation of the 3,4-dimethylindolyl
moiety of nosiheptide. The structure of this intermediate additionally suggests information about
the order of the steps in the synthesis of the indole moiety. As shown in Figure 1.6, NosN may
act either before or after NosK, an acyltransferase thought to catalyze the thioesterification
between the macrocyclic core intermediate and 3-methyl-2-carboxy-indolic-acid (MIA).16
Investigation into the interaction between NosN and NosK will be discussed further in Chapter 4.

Figure 1.7: Reaction catalyzed by NosN

BlmOrf8
Like nosiheptide, bleomycin, formed in a complex biosynthetic pathway involving
BlmOrf8, is a clinically important antibiotic. Bleomycin (shown in Figure 1.7) and compounds
belonging to the bleomycin family are thought to act through a sequence-selective, metal
dependent oxidative cleavage of DNA and RNA, a reaction employed in the context of
chemotherapy to treat tumors. Structurally, bleomycin is a peptide-polyketide that consists of
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four domains categorized by function: the metal binding domain containing the pyrimidoblamic
acid subunit and β-hydroxyl histidine, the C-terminal amine that creates an affinity for DNA, the
(2S,3S,4R)-4-amino-3-hydroxyl-2-methylpentanoic acid linker unit involved in DNA cleavage
by bleomycin, and finally the carbamoylated disaccharide moiety, whose role is unclear.
Labeling experiments and isolation of intermediates suggest that bleomycin originates from nine
amino acids, acetate, and methionine, which serves as the ultimate source of two methyl
groups.17

Figure 1.8: Structure of bleomycin

Although a vital antitumor compound, bleomycin has proved difficult to synthesize
through chemical means. Additionally, the organism Streptomyces verticillus that produces the
compound lacks a developed genetic system because of the difficulty of introducing plasmid
DNA into its cells. Because of early development of drug resistance and toxicity of bleomycin,
production of bleomycin analogs through either microbial means or chemical synthesis is a
crucial research problem. Studies by Galm et. al17 involving conjugation of E. coli and
Streptomyces to produce a workable genetic system reveal some insight into the mechanism of
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synthesis of the compound and the genes involved. Gene inactivation studies revealed the
boundaries of the genes involved in bleomycin biosynthesis to reside between BlmOrf30 and
BlmOrf7, including BlmOrf8, as disruption of these genes resulted in the inability to produce
bleomycin.17 While initial cloning and sequencing of the bleomycin gene cluster revealed the
product of orf8 as involved in the biosynthetic pathway with the proposed role as an oxidase,18
the classification of BlmOrf8 as a member of the RS superfamily and further sequence
comparisons with genes from the biosynthetic cluster of related compounds have offered more
substantial proof for BlmOrf8’s role as a methylase.
Cloning and sequence analysis of the gene cluster for the biosynthesis of a closely
related compound belonging to the bleomycin family, tallysomycin, revealed that 25 of the 30
open reading frames (ORFs) identified within the tallysomycin and bleomycin gene clusters
showed 56-79% similarity. One of the genes thought to encode a biosynthetic enzyme for
tallysomycin, orf11, corresponds to orf8 within the bleomycin cluster with 81% similarity in
amino acid sequence. The sequence similarities between BlmOrf8 and TlmOrf11 and their
classification in the RS superfamily suggest their involvement in methylation reactions within
the bleomycin and tallysomycin synthetic pathways, respectively. Additional investigation into
the comparison of genes belonging to the tallysomycin cluster and their corresponding members
of the bleomycin cluster provide further insight into BlmOrf8’s role in the biosynthetic pathway.
TlmVIII and BlmVIII, homologs from the two clusters, were found to share KS, AT, KR, and
ACP domains; however, TlmVIII lacks the methyl transferase (MT) domain found in BlmVIII.
The structural difference between the domains corresponds to the difference in the structures of
the two compounds, the lack of a methyl group in the polyketide-derived backbone in
tallysomycin that is present in bleomycin. The pyrimidoblamic acid group of tallysomycin
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contains a transferred methyl group, but the tallsomycin cluster contains only one methylase,
TlmOrf11, as opposed to two in the bleomycin cluster, BlmOrf8 and BlmVIII, Thus, TlmOrf11
and its homolog BlmOrf8 are favored to catalyze the C-methylation of the pyridine ring during
biosynthesis, as illustrated in Figure 1.8.19

Figure 1.9: Reaction catalyzed by BlmOrf8

Project Objectives
The broad objective of this project is to characterize and investigate the mechanism of
Class C enzymes belonging to the RS Superfamily, Two enzymes have been selected, NosN and
BlmOrf8, that are involved in the synthesis of important biological molecules and are thought to
function as methyases through sequence analysis and experimental studies. The following
specific objectives are meant to address the broad objective.
1. The first objective of the project is to produce the two enzymes in two forms:
containing their [4Fe-4S] clusters (holo) or lacking their [4Fe-4S] clusters (apo). The
enzymes will be purified anaerobically.
2. Objective number two will include characterization of the enzymes using various
methods to determine the number and properties of their [4Fe-4S] cluster.
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3. Objective number three will consist of studies into the mechanism of the enzymes,
including their ability to bind and cleave SAM under reducing conditions to SAH and
5’dA•.
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Chapter 2:
Cloning, Expression, and Characterization of NosN

Introduction
Nosiheptide (NOS), one of the oldest known thiopeptide antibiotics, was first isolated
from Streptomyces actuosus 40037 in 1980 by French scientist Poulenc.20 Its general formula
was determined using combustion analyses, and its structure was finally elucidated by X-ray
crystallography.21 Commonly used as a feed additive to promote growth in pigs and poultry,
nosiheptide has potent activity against various gram-positive and gram-negative bacterial strains.
Nosiheptide has gained recent attention for its ability to inhibit growth of methicillin-resistant
Streptomyces aureus (MRSA).15
Soon after its discovery, it was determined that nosiheptide acted against bacterial cells
through inhibition of protein synthesis. Translation in bacterial cells involves the 70S ribosome,
which is structurally distinct from the 80S ribosome of eukaryotic cells, and thus a good target
for antibiotics. During protein synthesis in prokaryotic cells, elongation factors facilitate the
binding of the tRNAs and the movement of the deacylated tRNAs following peptide bond
formation. In normal bacterial cells, elongation factor EF-G binds the A site of the ribosome and
uses GTP-hydrolysis to assist in the translocation of deacylated tRNAs. Upon treatment with
nosiheptide, the antibiotic binds the 50S ribosomal subunit, specifically to the complex of 23S
rRNA and ribosomal protein L11. Although a weak binding of EF-G is allowed, nosiheptide acts
as a potent inhibitor of the formation and/or stabilization of the ribosome-EF-G-guanine
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nucleotide complex. Through destabilization of this complex, most likely through
conformational changes, nosiheptide inhibits protein synthesis in target organisms.14
The nosiheptide biosynthetic gene cluster (nos) was isolated by cloning a portion of the
genomic DNA corresponding to the NOS cyclodehydratase gene (nosG) of S. actuosus into the
vector pMD19-T for sequencing.16 The nosG gene was inactivated by gene disruption to
elucidate its function in nosiheptide synthesis, and the ability to form the antibiotic was inhibited.
Upon confirming the target gene’s relevance to the biomolecule’s synthesis, the nosG gene was
used as a probe to screen clones from an S. actuosus genomic library. Three overlapping cosmids
were identified, and one cosmid, pSL4001, was selected for further investigation. Sequencing
and bioinformatics revealed 26 open reading frames, including 14 structural genes and 1
regulatory gene, that were proposed to comprise the nos gene cluster. These analyses showed the
sequence similarity between NosN and Tlm-Orf11, an RS methylase involved in tallysomycin
biosynthesis, and led to further investigation of NosN’s role in nosiheptide’s biosynthetic
pathway.16
In one of the first investigations in the biosynthesis of thiopeptides, labeled amino acid
precursors were fed to cultures of the producing organism to determine the origin of various
components of nosiheptide’s structure. While biosynthesis of the hydroxypyridine domain of the
compound is well understood, the mechanism for formation of the indolic acid group remains
unclear. A proposed scheme for the biosynthesis of the indolic acid moiety is shown in Figure
2.1.
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Figure 2.1: Proposed scheme of biosynthesis of the indolic acid moiety

Derived from tryptophan, the moiety is attached to the peptide backbone at a late stage in
the biosynthetic pathway. In the first step of the synthesis of the indolic acid component, the RS
enzyme NosL catalyzes a carbon-chain reconstitution of tryptophan to give methyl indolic acid
(MIA) through a fragmentation-recombination reaction.29 Both gene disruption studies and
labeling studies, which show incorporation of the methyl group of SAM at the C4 position,
provide evidence for the role of NosN as a methylase that catalyzes the formation of the 3,4dimethylindolyl group of nosiheptide. No in vitro studies have been done to characterize or
determine the chemical mechanism through which NosN catalyzes methyl transfer from SAM to
the nosiheptide precursor. At some point in the process, either before or following methylation
by NosN, NosK attaches the indolyl group to the nosiheptide backbone; the timing of the
thioesterification, either before or after 4-methylation, is uncertain. The residue is then
hydroxylated on the 4-methyl substituent, and then subsequently undergoes an intramolecular
esterification reaction to form the macrocyclic lactone, which is catalyzed by NosI. This final
reaction forms a linkage between the indole group and the macrocyclic core and closes the ring
system.16
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To further characterize and investigate the mechanism of NosN, this project employed
the use of specialized expression vectors that allow for the specific induction of protein
production and quick purification of the enzyme. Following cloning and transformation, the
enzyme was overproduced using two methods, one of which was designed to produce the
enzyme with its full complement of Fe/S clusters, and the other of which was designed to
produce the enzyme in its apo form (i.e. absence of its Fe/S clusters). NosN was subsequently
purified using immobilized metal affinity chromatography (IMAC) under anaerobic conditions
for further characterization. Reconstitution with iron and sulfide was employed to restore the full
complement of Fe/S clusters to the protein, after which the enzyme was characterized by a
combination of analytical and spectroscopic methods to determine the number and composition
of Fe/S clusters. Information about the stoichiometry and configuration of Fe/S clusters can
reveal information about an enzyme’s function, and mechanism of action.

Materials
All DNA-modifying enzymes and reagents were purchased from New England Biolabs
(Ipswich, MA). The nosN gene, codon-optimized for expression in E. coli, was purchased from
Invitrogen Life Technologies. The expression vector pET-26b was purchased from Novagen
(Madison, WI). Cysteine, L-(+)-arabinose and ferric chloride were purchased from Sigma Corp
(St. Louis, MO). N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) was
purchased from Fisher Scientific (Pittsburgh, PA), and imidazole was purchased from J. T. Baker
Chemical Co. (Phillipsburg, NJ). Potassium chloride and glycerol were purchased from EMD
Chemicals (Gibbstown, NJ), and dithiothreitol (DTT) was purchased from Gold Biotechnology
(St. Louis, MO). Coomassie blue dye-binding reagent for protein concentration determination
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was purchased from Pierce (Rockford, IL), as was the bovine serum albumin standard (2 mg/ml).
Nick pre-poured gel-filtration columns were purchased from GE Biosciences (Piscataway, NJ).
All other chemicals were of the highest grade available.
DNA sequencing was carried out at the Pennsylvania State University Nucleic Acid
Facility. SPEX CertiPrep (Metuchen, NJ) Claritas PPT single element Fe (1000 mg/L in 2%
HNO3) was used to prepare iron standards for quantitative iron analysis.
Sonic disruption of E. coli cell suspensions was carried out with a 550 sonic
dismembrator from Fisher Scientific using a horn containing a 0.5 inch tip. The cable was
threaded through a port in a Coy (Grass Lakes, MI) anaerobic chamber to allow the process to be
performed anaerobically. UV-visible spectra were recorded on a Cary 50 spectrometer from
Varian (Walnut Creek, CA) using the WinUV software package to control the instrument and
manipulate the data. Mössbauer spectra were recorded on a spectrometer from WEB Research
(Edina, MN), which was equipped with an SVT-400 cryostat from Janis Research Co
(Wilmington, MA). Spectra were analyzed with the program WMOSS from WEB Research. 57Fe
(97-98%) metal for Mössbauer spectroscopy was purchased from Isoflex USA (San Francisco,
CA). X-band (~9.5 GHz) EPR spectroscopy was conducted on a Bruker ESP 300 spectrometer
equipped with an Oxford Instruments Model ESP 900 continuous flow cryostat.

Methods
Production and Purification of NosN
Cloning of the NosN gene into pET-26b
The gene encoding NosN was codon-optimized for expression in E. coli by Invitrogen
Life Technologies. The pMA plasmid containing nosN was digested at 37 °C for approximately
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18 h (total volume of 50 μL) with NdeI and EcoRI in 10 EcoRI buffer (50mM NaCl, 100 mM
Tris-HCl, pH 8.0, 10 mM MgCl2, 0.025% Triton X-100). pET-26b was digested (total volume of
50 μL) with NdeI and EcoRI in 10 EcoRI buffer under the same conditions. The digested
fragments were subjected to electrophoresis in a 1% (w/v) agarose gel.
Fragments corresponding to 5.2 kb (pET-26b digest) and 1.2 kb (nosN digest) were
excised from the gel using a clean razor blade, and purified by the protocol specified for the
Omega Bio-Tek gel-extraction system. The fragments were ligated for 18 h at room temperature
in a reaction that contained T4 DNA Quick Ligase, T4 DNA Quick Ligase buffer, extracted
nosN, and extracted pET-26b DNA.
A 10 μL aliquot of the ligation reaction was added to thawed competent E. coli DH5α (50
μL) cells, and the mixture was incubated on ice for 30 min. The cells were heat shocked for 30 s
at 42 °C, and then added to 450 μL of Luria-Bertani (LB) media and incubated at 37 °C for 1 h.
The solution was plated onto LB media containing kanamycin (50 μg/mL), and the plates were
incubated overnight at 37 °C. Plasmid DNA was isolated from four clones using the protocol
specified for the MidiPrep Kit and sequenced by the Penn State Nucleic Acid Facility to confirm
that all contained the nosN insert.

Overproduction of holo-NosN
A 1 μL aliquot of DNA from clone 1 was added to competent BL21 cells containing the
plasmid pDB1282 and incubated on ice for 30 min. The cells were heat-shocked for 30 s at 42
°C, and then added to 450 μL of LB media. The solution was incubated at 37 °C for 1 h and
plated onto LB media containing kanamycin (50 μg/ μL) and ampicillin kanamycin (100 μg/ μL).
The plate was incubated overnight at 37 °C.
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A single colony of BL21 cells containing nosN in the pET-26b plasmid was used to
inoculate a 250 mL starter culture of LB media containing kanamycin (50 μg/mL) and ampicillin
(100 μg/mL), which was subsequently cultured at 37 °C with agitation (180 rpm) overnight for
large-scale expression for the purpose of isolating the protein. An arabinose growth with 57Fe
was used to overproduce the protein with the Fe/S cluster intact (holo). A portion (50 mL) of the
starter culture was used to inoculate 2  4L flasks of M9 minimal media, which were incubated
at 37 °C and 180 rpm. At an OD600 of approximately 0.3, 8g of arabinose, 300 μM cysteine, and
200 of μL of 57Fe were added to the flasks. At an OD600 of approximately 0.6, the flasks were
cooled to 18 °C, and gene expression was induced by the addition of 200 μM isopropyl β-D-1thiogalactopyranoside (IPTG). The cells were cultured overnight and harvested by centrifugation
(10,000  g) 24 h post induction. Cell paste was frozen in liquid nitrogen for storage at -80 °C.
Samples were taken pre- and post- arabinose induction and pre- and post-IPTG induction to
assess protein production via SDS-PAGE.

Overproduction of apo-NosN
The addition of the iron chelator, o-phenanthroline, to the E. coli growth media during
induction of the nosN gene was used to overproduce NosN in its apo form. The procedure was
identical to that used for overproducing NosN in its holo form, except that o-phenanthroline,
rather than arabinose, cysteine, and 57Fe, was added at induction. At an OD600 of 0.3, 200 mL of
10 amino acid supplement mix were added to 2  4L flasks of M9 minimal media. At an OD600
of approximately 0.6, o-phenanthroline (100 μM) was added to the flasks, which were cultured
for another 15 min at 37 °C. These flasks were then cooled to 18 °C, and gene expression was

23

induced by the addition of 200 μM IPTG. Samples were taken pre- and post-induction to assess
protein production via SDS-PAGE.

Purification of NosN by Ni-NTA Affinity Chromatography
Purification of apo and holo NosN was performed separately using the same procedure.
All steps were performed anaerobically, inside a Coy anaerobic chamber, unless indicated
otherwise. Cell paste (26.7 g for holo and 22.3 g for apo) from the large-scale overproduction of
NosN was resuspended in cold (4 °C) lysis buffer (50mM HEPES pH 7.5, 300 mM KCl, 0.35
mM BME, 10 mM imidazole, 5% glycerol, 0.1% triton). Lysozyme (1mg/mL) and DNase (0.1
mg/mL) were added, and the solution was incubated on ice until the cell paste thawed (~30 min).
The cells were subjected to sonic disruption on ice for 1 min, and then allowed to cool in an icewater bath for 5 min. The process was repeated for seven cycles. The lysate was centrifuged
(50,000  g) for 25 min at 4 °C. A column containing nickel nitrilotriacetic acid (Ni-NTA) resin
was equilibrated with lysis buffer. The supernatant was loaded onto the column, which was then
washed with 150 mL of wash buffer (50 mM HEPES pH 7.5, 300 mM KCl, 10 mM BME, 20
mM imidazole, 10% glycerol). The column was eluted with elution buffer (50 mM HEPES pH
7.5, 300 mM KCl, 10 mM BME, 200 mM imidazole, 20% glycerol). For the purification of holo
NosN, fractions were pooled according to color; for the purification of apo NosN, proteincontaining fractions were pooled by their relative abilities to react with Bradford reagent. The
volume of the eluate was reduced to approximately 1 mL by use of an Amicon centrifugal filter
unit (10,000 MW cut off) according to manufacturer’s specifications. Samples (10 μL) were
taken from the supernatant, flowthrough, wash and eluate, and analyzed by SDS-PAGE.
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The resulting protein solution was exchanged into S-200 buffer (25 mM HEPES pH 7.5,
500 mM KCl, 10% glycerol) using a PD-10 column. The concentrations of apo and holo NosN
were determined by a Bradford assay using bovine serum albumin (BSA) as a standard.

Reconstitution and Characterization of NosN
Reconstitution of NosN
NosN apo and NosN holo were reconstituted separately using the same procedure. A total
reaction volume of 40 mL was used. NosN apo was thawed on ice and diluted to 33.4 μM in 5
mL of S-200 buffer. Iron-57 (1 mM), 4 mL of 100 mM DTT in 100 mM HEPES, pH 7.5, and 30
mL S-200 buffer were added to the protein. After confirming that the pH of the solution was 7.5
before addition, 110 μL aliquots of a 1.1 mM Na2S solution were added every 10 min over a
period of 40 min. The reconstitution mixture was incubated on ice overnight and then
centrifuged (14,000 rpm for 10 min) to remove precipitated material. The protein was
concentrated using an Amicon centrifugal unit and exchanged into gel filtration buffer (10 mM
HEPES pH 7.5, 500 mM KCl, 5 mM DTT, and 10% glycerol) using a PD-10 column. The
filtered protein was further chromatographed on a Superdex 200 column to remove protein
aggregates. The same procedure was used to reconstitute NosN holo, which was diluted to 46.3
μM in 2.5 mL of S-200 buffer. The concentrations of reconstituted NosN apo (NosN apo Rc) and
reconstituted NosN holo (NosN holo Rc) were determined by a Bradford assay using BSA as a
standard.34 Both as-isolated (Ai) and reconstituted (Rc) proteins were analyzed using UV-Visible
spectroscopy by scanning from 240 nm to 700 nm. Absorbancies at 280 nm (indicative of
protein) and 400 nm (indicative of Fe/S cluster) were recorded for all proteins to assess the
extent of Fe/S cluster incorporation.
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Iron Analysis of NosN
Iron analysis, conducted by the procedures of Beinert,30, 31 was used to quantify the iron
content of NosN holo Ai, NosN apo Ai, NosN holo Rc, and NosN apo Rc. A 100μM iron
solution was used to prepare standards containing 0.55, 1.1, 5.5, 10.9, 16.4, 21.8, 27.3, and 32.8
μM iron. The sample proteins were diluted in S-200 buffer to a concentration that would ensure
its iron concentration would be in the middle of the standard curve, assuming a value of 4 mol Fe
per mol of protein. Reagent A (300 μL) (1.35 g SDS in 30 mL H2O, mixed with 0.45 mL of
saturated Fe-free sodium acetate) and Reagent B (300 μL) (270 mg of ascorbic acid and 9 mg of
sodium metabisulfite in 5.6 mL of H2O, mixed with 0.4 mL of saturated acetate) were added to
the solutions in their respective orders. The solutions were incubated at room temperature for 15
min. Reagent C (15 μL) (18.0 mg of ferene per 1 mL H2O) was added, and the absorbance at 593
nm was measured for all standards and samples.

Sulfide Analysis of NosN
Sulfide analysis, conducted by the procedures of Beinert,30, 31 was used to quantify the
acid-labile sulfide content of NosN holo Ai, NosN apo Ai, NosN holo Rc, and NosN apo Rc. All
steps were performed anaerobically unless indicated otherwise, and all samples were done in
quadruplet. A 22.4 μM Na2S solution was used to create standards containing 0, 25, 50, 75, and
100 μM Na2S. The appropriate protein was diluted in 50 mM NaOH to a concentration that
would ensure that its sulfide concentration would be in the middle of the standard curve,
assuming a value of 4 mol S2- per mol of protein. Zinc Acetate (300 μL of a 1% solution) was
added to 100 μL of each reaction in an Eppendorf tube. NaOH (15 μL of a 12% solution) was
added, and the resulting solutions were mixed by gently inverting the Eppendorf tubes. After
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incubating the solutions at room temperature for 2 h, they were underlayed with 75 μL of a 0.1 %
DMPD solution in 5N HCl. Ferric chloride (2 μL of a 23 mM solution in 1.2 N HCl) was added
immediately afterward, and the solutions were again mixed by gently inverting the Eppendorf
tubes. The samples were centrifuged (14,000 rpm for 15 min), and then removed from the
anaerobic chamber to complete the procedure under aerobic conditions. Aliquots (400 μL) of
each sample were removed and added to 800 μL of 1 mM HEPES pH 7.5. The solution was
incubated for 30 min at room temperature, and the resulting absorbancies were measured at 666
nm for all standards and samples.

Amino Acid Analysis of NosN
Because the correct stoichiometry of metal ions per protein molecule requires an accurate
determination of protein concentration, a correction factor was obtained for the Bradford method
of protein concentration determination using bovine serum albumen (Fraction V) as a standard.34
NosN was exchanged into 10 mM NaOH using a pre-poured gel-filtration column to
remove iron and sulfide from the protein. Three samples were dried and submitted to the
proteomics facility at the University of California-Davis, where the actual concentration of the
protein in the given volume was determined via amino acid analysis.
The same NosN submitted to the proteomics facility was used in Bradford assays. A
Bradford assay using BSA as a standard was repeated 3 times to generate 3 standard curves that
were averaged into one curve. Samples were prepared in quadruplet, and absorbance values were
inserted into the standard curve to generate an average concentration for the NosN sample. The
concentrations obtained by amino acid analysis were averaged to calculate the concentration of
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NosN in the sample, and compared to the average value calculated by the Bradford standard
curve to determine a correction factor for the protein.
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Fe Mössbauer Spectroscopy
Samples of NosN holo Ai, NosN holo Rc, and NosN apo Rc were prepared for analysis

by Mössbauer spectroscopy. Samples were diluted in HEPES, pH 7.5, to give a total reaction
volume of 300 μL. The diluted protein was introduced into the Mössbauer cup and frozen by
carefully lowering the cup into liquid N2.The final concentrations were 271 μM of NosN holo Ai,
345 μM of NosN holo Rc, and 356 μM of NosN apo Rc. The frozen samples were stored at -80
°C until they were analyzed
Mössbauer spectra were recorded at 4.2 K and in an external magnetic field of 53 mT.
The spectra were used to determine the contribution of all Fe species in the sample (cluster forms
and adventitiously bound Fe) by spectral analysis. The stoichiometries for all Fe/S cluster types
per protein were calculated by multiplying the total number of Fe ions per protein by the fraction
of any particular cluster form identified by Mössbauer spectroscopy, and then dividing by the
number of Fe ions found in the cluster form.

Electron Paramagnetic Spectroscopy
Six samples of NosN (200 μL total volume) were prepared for characterization by
electron paramagnetic resonance (EPR) spectroscopy. Samples consisted of NosN holo Ai, NosN
holo Rc, and NosN apo Rc. For each protein, one sample contained only the protein, and one
sample contained the protein, 1 μM SAM, and 10 μM dithionite prepared in 1M Tris-HCl, pH 8.
Each sample was placed in an EPR tube, which was dipped slowly in liquid N2 to avoid the tube
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from breaking due to aqueous expansion. An EPR spectrum of each sample was recorded at 1013 K using a modulation amplitude of 10 G and a microwave power of 100 μW.

Results and Discussion
Production and Purification of NosN
Cloning of NosN into pET-26b
To optimize the production and purification of NosN, the nosN gene was cloned into a
pET expression vector. Engineered to take advantage of features of the T7 expression system, the
pET expression system employs different versions of the pET plasmid to allow production of
large amounts of protein containing various peptide tags at the N- or C- termini for use in
purification. The pET plasmid contains a lacI gene encoding a lac repressor protein, a T7
promoter specific to T7 RNA polymerase, a lac operator that can block transcription, a
polylinker site containing many restriction sites, a gene for kanamycin resistance, and a ColE1
origin of replication.22 The pET-26b vector chosen for this project, pictured in Figure 2.2, allows
for production of a target protein containing a C-terminal hexahistidine tag, which is used for
IMAC.
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Figure 2.2: Structural features of the pET-26b plasmid23
The target gene is cloned into the pET plasmid and transformed into the host cell (E. coli
BL21 DE3), which contains a chromosomal copy of the T7 RNA polymerase gene as a DE3
lysogen. The host cells chosen for this project, BL21(DE3), are among the most commonly used
for target gene expression in E. coli because the strain is deficient in the Lon and AmpT
proteases, which can degrade proteins after rupture of the cell wall.24 The cells contain a
chromosomal copy of the T7 RNA polymerase gene that is under the control a lacUV5
promoter.22 Because target genes cloned into pET plasmids are under the control of a hybrid T7
lac operator, induction of the chromosomally encoded T7 polymerase allows for the activation of
transcription of the target gene. Induction is facilitated by addition of IPTG, which binds the lac
repressor both at the lacUV5 site on the lysogen and the hybrid T7 lac site on the plasmid. When
active, the T7 RNA polymerase will divert almost all of the cell’s resources to gene expression
so that the target protein can often comprise more than 50% of the total cell protein within hours
of induction.24
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Both the gene encoding NosN, cloned into a vector between NdeI and EcoRI sites, and
pET-26b-BtrN were digested with NdeI and EcoRI. The digests were resolved on an acrylamide
gel, and the bands corresponding to the pET-26b vector (5.2 kb) and the nosN gene (1.2 kb) were
extracted (Figure 2.3). The gel shows a clear separation between the extracted bands and the
other pieces of DNA present in the digest.

kb

kb

Figure 2.3: Restriction digests of pET-26b and nosN

The extracted fragments were ligated, and the resulting plasmids were then transformed
into E. coli DH5(α) cells, a strain with a high transformation efficiency. Because pET-26b
contains a gene for kanamycin resistance, the cells were cultured on LB media containing
kanamycin to select for those cells that contained plasmids. Four colonies were selected for
plasmid purification. The extracted plasmids were sequenced using a primer complementary to
the T7 promoter, and the sequences were aligned with the nosN gene. All four clones showed
100% sequence identity with the nosN gene.
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One of the plasmids, called NosN_1, which contained the cloned nosN gene was selected
and used to transform E. coli BL21 (DE3) cells. The pDB1282 plasmid, which encodes proteins
involved in the biosynthesis of Fe/S clusters and their incorporation into target proteins, was also
used to transform BL21 (DE3) cells along with nosN.

Expression of nosN in BL21 cells
The successfully transformed BL21 cells were then used in the large-scale expression of
the nosN gene. The enzyme was overproduced using two methods, one designed to produce
proteins with a full complement of their Fe/S clusters, and another designed to produce proteins
in their apo states. In order to maximize cluster incorporation, the nosN gene was co-expressed
with genes on plasmid pDB1282. This plasmid was engineered to overexpress genes on the isc
operon, which encode proteins involved in the biosynthesis and incorporation of Fe/S clusters.
This plasmid confers ampicillin resistance and, unlike pET-26b-NosN, which is under the control
of an IPTG-inducible promoter, is under the control of an arabinose-inducible promoter.25 To
produce NosN in the absence of its Fe/S cluster(s), arabinose, iron, and cysteine were omitted at
induction; however, o-phenanthroline, an iron chelator, was added to a concentration of 100 μM.
Previous studies on RlmN and Cfr, members of Class A RS methylases, have shown that the
Fe/S cluster is necessary for methylation of a target cysteine residue via SN2 reaction.6 Thus, to
investigate the role of the Fe/S cluster in the activity of NosN, a phenanthroline growth was used
to bind the trace iron in solution and prevent the formation of any Fe/S cluster bound by the
protein.
The cells were grown in M9 minimal media, and expression of the nosN gene was
induced with IPTG. M9 minimal media is typically used for the overproduction of RS proteins in
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E. coli because of high, reproducible protein yields and the ability to incorporate isotopes of iron
and sulfide into the proteins. In particular, the isotope 57Fe allows for the analysis of ironcontaining proteins by 57Fe-Mössbauer spectroscopy, which was used to characterize the Fe/S
cluster of the enzyme.25
SDS-PAGE analysis was used to analyze the overproduction of the enzyme. The gel is
shown in Figure 2.4. Figures 2.4A and 2.4B show an increase in NosN overproduction at 47 kDa
following induction with IPTG for both growths, consistent with expectations of the pET
expression system.

Figure 2.4: SDS-PAGE electrophoresis showing expression of A: NosN apo produced using a
phenanthroline grown and B: NosN holo produced using an arabinose growth with 57Fe
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Purification of NosN using Ni-NTA chromatography
Because the Fe/S clusters of RS enzymes are unstable in the presence of oxygen, the
protein purification is typically conducted in minimally aerobic conditions. Purification involved
the genetic attachment of a six histidine (6xHis) tag to the N-terminus of the protein that can be
used as a ligand for affinity chromatography. The 6xHis tag has the advantages of a small size,
low metabolic burden, and high binding capacity to the chromatographic matrix. The tandem
series of histidine residues binds to several types of metals, including nickel, cobalt, and copper,
which are immobilized by chelating groups located on derivatives of beaded agarose supports.
This type of chromatography, known as immobilized metal affinity chromatography (IMAC),26
has been shown to be highly effective, capable of producing over 95% purity in a single step.27
The protein can be eluted under mild conditions, with the addition of a high concentration of
imidazole or excess of a strong chelator such as EDTA. Additionally, washing with a low
concentration of imidazole (10-25 mM) at physiological pH can help to prevent non-specific
binding of contaminating proteins containing histidine clusters.28 SDS-PAGE (Figure 3.5) was
used to analyze the purity of NosN throughout the purification.
Both NosN apo as isolated (NosN apo Ai) and NosN holo as isolated (NosN holo Ai)
were purified using IMAC. All steps in the purification were performed anaerobically to ensure
the stability of the Fe/S cluster. The histidine tag affixed to the protein allowed for interaction
with nickel residues on an Ni-NTA resin. In this method, imidazole ring nitrogens from the
histidine tag bind to the nickel ion coordinated by NTA and cause the protein to stick to the
resin. After washing with low concentrations of imidazole, the protein can be eluted by
increasing the concentration of free imidazole, which competes with the protein for binding sites

Figure 2.5: SDS-PAGE electrophoresis showing IMAC purification of
A: NosN holo and B: NosN apo
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on the Ni ion. SDS-PAGE electrophoresis (Figure 2.5) was used to analyze the purity of NosN
throughout the purification.
Figures 2.5A and 2.5B show the increased purity of NosN apo and NosN holo following
affinity chromatography. The slight separation of two bands at 47 kDa may signal the cleavage
of NosN holo Ai at some step during the purification. Additionally, the presence of faint bands in
both gels may indicate the presence of contaminant from other naturally-occurring proteins in E.
coli; however, the weakness of the bands compared to the intensity of the band corresponding to
NosN indicates only a small concentration of contaminating proteins relative to the target
enzyme. Notably, a significant portion of NosN remained in the pellet relative to the eluted
fractions for the apo growth. The increased quantity of protein present in the pellet may indicate
the instability of the protein in solution without the Fe/S cluster.

Reconstitution and Characterization of NosN
Reconstitution of NosN
Because many RS proteins are purified without their complete accompaniment of Fe/S
clusters, reconstitution is necessary to restore them in vitro. Reconstitution is performed by
treating the proteins with iron and sulfide in the presence of reductant. Maintenance of low
protein concentration, 50-100 μM, is key for the binding of iron and sulfide to the enzyme.
Anaerobic gel filtration and anion-exchange chromatography can then be used to remove
adventitiously bound iron and sulfide from the surface of the protein, which can promote protein
aggregation and inaccurate calculation of cluster stoichiometry.25
Both NosN apo and NosN holo were reconstituted using a procedure developed by the
Booker lab to restore the full accompaniment of Fe/S cluster(s) binding the protein. Residually
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bound Fe and S species to the surface of the enzyme were removed via anaerobic gel filtration
with a Sephadex 200 (S-200) column. SDS-PAGE (Figure 2.6) was used to monitor the purity of
the proteins before and after reconstitution. Despite the gel filtration chromatography, purity
between as isolated and reconstituted samples is comparable.

Figure 2.6: SDS-PAGE electrophoresis showing NosN apo and NosN holo before (Ai) and
after reconstitution (Rc) and ananerobic gel filtration with an S-200 column

UV-Visible spectra (Figure 2.7) were obtained for all as isolated and reconstituted
proteins. The spectra show the characteristic absorbance of RS proteins, with peaks near 280 and
410 nm.
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Figure 2.7: UV-visible spectra for A: NosN Apo Ai; B: NosN Apo Rc; C: NosN Holo
Ai; D: NosN Holo Rc. The scan spanned the wavelengths 240 nm to 700 nm.
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Additionally, the spectra show distinguishing features consistent with the presence of
[4Fe-4S] clusters. The shoulder at 320 nm, the peak around 400 nm, and the broad tailing at
higher wavelengths are characteristic features of this particular type of cluster. Notably, the
spectrum of NosN apo Ai (Figure 2.7a) lacks the additional distinctive peaks of an Fe/S cluster.
Upon reconstitution, a small peak around 410 nm and a broad tail into higher wavelengths is
present. Comparing the NosN holo Ai and NosN holo Rc spectra, the spectra of NosN holo Ai
shows a higher absorbance at 410 nm than the reconstituted protein. The reduction of the peak at
this wavelength indicates that some iron, presumably the adventitiously bound iron, was
removed from the protein upon reconstitution.

Metal Quantification
Both iron and sulfide analysis, according to procedures developed by Beinert and
Kennedy,30,31 were used to determine the number of iron and sulfide ions per protein molecule
for all as isolated and reconstituted proteins.
In order to obtain accurate values of metal ions bound per enzyme, precise methods for
determining protein, iron, and sulfur concentrations are necessary. The colorimetric Bradford
method determines protein concentration of an unknown sample based on a standard curve
generated from the known concentration of a standard protein, bovine serum albumin (BSA).
The reaction of BSA with the Coomassie reagent causes a color change that is measured
spectrophotometrically at 595 nm. While the assay is quick, simple, and inexpensive, the
accuracy of the assay can be undermined by the differences in interactions with the colorinducing reagent that differ between the target protein and BSA. To account for this variability, a
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correction factor for the target protein must be obtained for the Bradford method to determine
accurately protein concentration.
Amino acid analysis was used to obtain the concentration of NosN by the University of
California-Davis proteomics facility. This concentration was then compared to the concentration
calculated by Bradford assays done in triplicate to quantify the differences. A correction factor
was obtained by dividing the concentration determined from amino acid analysis by the
concentration determined by the Bradford method. The calculated correction factor for NosN is
0.550. The concentration of NosN determined by the Bradford assay was multiplied by this
correction factor to obtain an accurate protein concentration. These corrected concentrations
were then used to quantify the number of iron and sulfide ions bound per enzyme. The results of
the metal quantification are shown in Table 2.1.

Table 2.1: Quantification of iron and sulfide atoms per protein molecule
Enzyme

Iron analysis

Sulfide analysis

NosN apo Ai
NosN apo Rc
NosN holo Ai
NosN holo Rc

0.6 0.608
2.9 0.143
4.6 0.180
3.7 0.090

0.1
2.8
3.2
5.4

0.3
0.100
0.700
0.400

The values obtained from the iron and sulfide analysis are consistent with the results
expected from a protein possessing a [4Fe-4S] cluster. For NosN holo Ai and Rc, as well as
NosN apo Rc, the numbers lie within the range of 4.0

1.4. NosN apo Ai shows negligible

binding of iron and sulfide ions, as expected from a growth designed to produce the protein
without any Fe/S clusters. After reconstitution, NosN apo Rc shows a binding of approximately
3.0 iron ions/enzyme, comparable with that of NosN holo. The number of iron and sulfide ions
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bound per protein for NosN holo does not significantly differ between the as isolated and
reconstituted species. The results of this analysis suggest that a single [4Fe-4S] cluster is present
for NosN holo Ai and the reconstituted enzymes.
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Fe Mössbauer Spectroscopy
Mössbauer spectroscopy is typically used to determine the valence state and site

occupancy of Fe in a given solid. The Mössbauer effect results from the radioactive instability of
57

Fe, a decay product of 57Co. As 57Fe decays, it releases a gamma ray that causes the nucleus to

recoil with an equal and opposite momentum to preserve its energy. This recoil is described by
the equation:
Eγ-ray emission = Etransition – ER,
where Eγ-ray emission = the energy of the emitted γ-ray, Etransition = the energy of the nuclear
transition, and ER = the energy of the recoil. When the recoil energy ER of an emitted gamma ray
is less than the energy necessary to reach the next higher energy level, recoil-free events may
occur. Thus, a gamma ray would be emitted without losing energy to the surrounding solid,
called a zero-phonon transition, and the entire structure, rather than only the nucleus, would
absorb the energy. The Mössbauer effect occurs because in solids, recoil-free absorption is
possible. 57Fe atoms in different local environments and having different oxidation states absorb
this energy at different energies. These energies correspond to peaks in the Mössbauer spectrum
that can be used as diagnostic tools to determine the nuclear environment of the Fe atom.32
Investigations by Münck and coworkers have correlated the Mössbauer spectroscopic
features of different Fe/S cluster forms with their EPR spectroscopic features to allow for the
identification of the type of Fe/S cluster based on its unique electronic structure. Because Fe/S
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clusters of a given type and oxidation state have a distinct electronic configuration and thus
similar spectroscopic features, the combination of Mössbauer and EPR can be used to quantify
the different cluster types in a sample. A singular advantage of Mössbauer spectroscopy is its
ability to detect EPR-silent [4Fe-4S]2+ and [2Fe-2S]2+ cluster forms, the most common types of
Fe/S clusters.33 [4Fe-4S] clusters in their 2+ oxidation state consist of two delocalized mixedvalent pairs Fe2.5+-Fe2.5+ (S = 9/2) anti-ferromagnetically coupled yielding a diamagnetic ground
state (Stot = 0).
The Mössbauer spectra of NosN holo Ai, NosN holo Rc, and NosN apo Rc are shown in
Figure 2.8.

A

B

C

Figure 2.8: Mössbauer spectra of A: NosN holo Ai, B: NosN holo Rc, and C: NosN apo Rc.
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The spectra can be adequately fitted considering a single quadrupole doublet, with
unequal linewidths for the left and right lines, accounting for a heterogeneity originating from a
distribution of isomer shifts and quadrupole splitting parameters. The parameters are
characteristic of the classical tetranuclear ferredoxin Fe/S clusters, as well as SAM dependent
clusters. The spectra show an isomer shift of 0.45 mm/s and splitting energy of 1.10 mm/s.
Isomer shifts in the range 0.4-0.6 mm/s indicate iron ions in the2.5+. oxidation state Because the
Fe atoms of the Fe/S cluster are each bound to 2 sulfide atoms, which are soft ligands, they will
experience delocalized valence electrons.
The spectrum of the wild-type as isolated NosN protein has only 52% of the total Fe
absorption corresponding to an [4Fe-4S]2+ cluster, whereas the remainder of the sample (~48%)
exhibits a broad and uncharacteristic magnetic spectrum (indicated with the red arrows), which
can be attributed to high-spin N/O coordinated Fe2+ species adventitiously bound to the protein.
In the reconstituted NosN holo sample, which was passed over a size-exclusion S-200
column, practically all of the Fe absorption in the spectra is associated with [4Fe-4S]2+ clusters.
The solid blue line in the spectrum is the fit with the parameters collected. For the reconstituted
NosN apo sample, which was passed over a size exclusion column, almost 77% of the Fe in the
sample is complexed in a [4Fe-4S] cluster, whereas the remainder exists either as nonspecifically
bound high-spin Fe2.5+ and/or a small amount of diamagnetic [2Fe-2S]2+ clusters. The spectrum
shows either a less effective reconstitution for this sample or a slow degradation of the [4Fe-4S]
cluster due to the lengthy isolation procedure.
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Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy provides important information on
the atomic structure of a compound and is particularly useful for revealing insight into ligand
binding. Because the technique is based on the interaction of unpaired electrons with a varying
magnetic field, EPR spectroscopy can only be applied to compounds containing one or more
unpaired electrons.35
In relation to Fe/S clusters, commonly active EPR Fe/S cluster forms include [2Fe-2S]+,
[3Fe-4S]+, [4Fe-4S]+, and [4Fe-4S]3+, which typically have an S = ½ ground state, with some
exceptions. Importantly, the two most widespread cluster forms, [2Fe-2S]2+ and [4Fe-4S]2+, have
diamagnetic S = 0 ground states and therefore are EPR silent.6 The spectrum for the NosN
samples, both in the presence and absence of the dithionite reducing agent, showed no signal.
The silent spectra, together with the Mössbauer spectra, confirm the presence of a [4Fe-4S]
cluster coordinated by the enzyme.

Conclusions
The successful expression and purification of NosN apo and holo indicates that the pET26b vector expression system in E. coli and immobilized metal affinity chromatography offer a
good strategy for the production and isolation of the protein. The combination of data from the
metal quantification analyses and spectroscopic techniques provides strong evidence for the
presence of only [4Fe-4S] cluster bound by the protein and this information in concert with iron
and sulfide analyses indicate only one of this cluster forms per protein. Spectroscopically, the
UV-visible spectra show characteristics consistent with the presence of at least one Fe/S cluster.
The combination of Mössbauer and EPR spectra reveal a greater depth of information about the
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identity of the Fe/S cluster. The isomer shift and quadrupole doublet parameters of the
Mössbauer spectra are consistent with one [4Fe-4S] bound by the protein. The silent EPR spectra
indicate that the cluster is diamagnetic. Because the [4Fe-4S] cluster is characteristically
diamagnetic, the spectra confirm the findings of the Mössbauer spectroscopy to provide evidence
for the presence of a [4Fe-4S] cluster.
In accordance with crystal structures of proteins containing the conserved Cys residue
motif, the [4Fe-4S] cluster is likely coordinated by three Cys residues of NosN. In wellcharacterized enzymes of the RS superfamily, three Fe atoms of the cluster are bound by a Cys
residue, and the fourth is available for bidenate binding to SAM. The conserved Cys motif and
the [4Fe-4S] cluster bound by NosN suggest that the Fe/S cluster is likely involved in the
catalysis of SAM cleavage. The mechanism of methyl transfer by NosN will be discussed further
in Chapter 4.
Additionally, the spectroscopic techniques indicate the success of the reconstitution of
NosN. The cleaner spectra obtained via these methods and the reduction of background noise
provide evidence for the removal of excess, structurally insignificant iron and sulfide species
from the protein. The addition of the Fe/S cluster to NosN apo also denotes the success of the
reconstitution at restoring the native cluster complement to the enzyme.
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Chapter 3:
Cloning, Expression, and Characterization of BlmOrf8

Introduction
Bleomycin (BLM), a glycopeptides antibiotic produced by Streptomyces verticillus,
refers to a family of structurally related antibiotics commonly used in the treatment of plantar
warts as well as in the chemotherapies for Hodgkin’s lymphoma, squamous cell carcinomas, and
testicular cancer.36 Compounds belonging to the bleomycin family differ structurally at the Cterminal amines to create different analogs.37 Since their discovery in 1966 by Japanese scientist
Umezawa,38 the bleomycins have been the focus of many studies to investigate their structural,
biosynthetic, and mechanistic characteristics because of their clinical relevance.
Mechanistically, bleomycin operates by a sequence-selective, oxidative degradation of
DNA and RNA. To degrade DNA molecules, bleomycin must first be activated with a redoxactive metal ion, such as Fe2+ or Cu+, and an oxidant, either O2 or H2O2, to form a BLM-metal
hydroperoxide intermediate. Activated bleomycin then catalyzes DNA degradation in two steps:
1. selective substrate binding at 5’GC3’ and 5’GT3’ sites and 2. subsequent H atom abstraction
from the sugar backbone of DNA that results in strand breaks. Notably, cleavage occurs through
a similar oxidative mechanism by activated bleomycin to a lesser extent for tRNA. Suggestions
for the differences in patterns of cleavage include RNA damage that does not lead to strand
breaks, longer-lived radicals formed from RNA sugars that are “repaired” by H abstraction, and
the binding of BLM to RNA in an orientation not conducive to strand scission.39
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In addition to mechanistic studies of bleomycin, investigations of its structure and
biosynthetic gene cluster have revealed insight into the novel chemistry involving its
biosynthesis. Studies have indicated that bleomycin is a hybrid non-ribosomal peptide-polyketide
natural product, rather than a ribosomally synthesized peptide. A combination of experiments
involving the isolation of synthetic pathway intermediates and the cloning of the blm gene cluster
have provided evidence for the biosynthesis of bleomycin using a hybrid nonribosomal peptide
synthetase (NRPS) and polyketide synthase (PKS). Both NRPSs and PKSs employ similar
strategies for the synthesis of their respective classes of natural products by condensation of
amino acids and keto acids, respectively. Together, the NRPS-PKS system forms the BLM
megasynthetase that catalyzes the assembly of the aglycone backbone from amino acid and keto
acid precursors. Despite lacking biochemical data, sequence analysis and functional comparisons
of the domains of enzymes in the blm gene cluster with NRPS and PKS systems reveal similar
catalytic sites and specific linkers that appear to be conserved in the BLM hybrid and traditional
systems. The combination of the deduced functions of enzymes belonging to the blm cluster and
the structure of the antibiotic suggest a similarity in function and evidence for the proposed
biosynthetic scheme of bleomycin involving an NRPS-PKS system.37 Recent studies in vivo have
confirmed the identity of the blm gene cluster and experimentally defined the boundaries of the
BLM biosynthetic locus to confirm the role of the NRPS-PKS system in the antibiotic’s
biosynthesis.18
Additional sequence analysis and functional comparison of the tallsomycin (TLM)
biosynthetic gene cluster have revealed evidence for BlmOrf8 as a methylase functioning in the
methylation of an intermediate species during bleomycin biosynthesis. Produced by
Streptoalloteichus hindustanus, the tallysomycins, which belong to the BLM family of
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glycopeptideantibiotics, share the similar structural hybrid peptide-polyketide structure of the
bleomycins. Additionally, the tallysomycins have similar, yet less potent, antitumor activity in
preclinical studies. The structural differences between bleomycin and tallysomycin are
highlighted in Figure 3.1.

Figure 3.1: The structures of bleomycin and tallysomycin. The structural differences
corresponding to different functional groups are highlighted in blue.
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Genetically, the tlm gene cluster is highly homologous to the blm gene cluster, with 25 of
the 30 open-reading frames (ORFs) identified within the two clusters showing 56-79%
similarity. Strikingly, all of the ORFs in the tlm gene cluster showed an identical arrangement, in
the same order and direction, to the blm biosynthetic locus. Sequence and functional analysis of
the genes propose TlmOrf11 as a homolog of BlmOrf8, which both belong to the RS
superfamily. Because of the lack of a second enzyme containing a methyltransferase domain in
the tlm cluster and the sequence similarities between TlmOrf11 and BlmOrf8, TlmOrf11 and
BlmOrf8 are proposed to catalyze the C-methylation of the pyrimidine ring in tallysomycin and
bleomycin biosynthesis (Figure 3.2), respectively.19 However, neither TlmOrf11 nor BlmOrf8
have been characterized biochemically in vitro or studied in vitro in the context of the BLM
biosynthetic pathway. The mechanism by which the enzyme catalyzes the methyl transfer
reaction remains unknown.

Figure 3.2: Proposed Catalysis of C-Methylation of the Pyrimidine Ring by BlmOrf8

To further characterize and investigate the mechanism of BlmOrf8, this project employed
the same methods used to study NosN described in Chapter 2. The gene for BlmOrf8 was codonoptimized for expression in Escherichia coli cells, cloned, and transformed into BL21 (DE3)
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cells. The enzyme was overproduced using two methods, one of which was designed to produce
the enzyme with its full complement of Fe/S clusters, and the other of which was designed to
produce the enzyme in its apo form (i.e. absence of its Fe/S clusters). BlmOrf8 was then purified
using immobilized metal affinity chromatography (IMAC) under anaerobic conditions. To
restore the full complement of Fe/S clusters to the enzyme, BlmOrf8 was reconstituted with iron
and sulfide and subjected to anaerobic gel filtration chromatography to remove adventitiously
bound iron and sulfide ions from the surface of the protein. The enzyme was characterized by a
combination of analytical and spectroscopic methods to determine the number and composition
of Fe/S clusters. Information about the stoichiometry and configuration of Fe/S clusters can
reveal information about an enzyme’s function and mechanism of action.

Materials
All DNA-modifying enzymes and reagents were purchased from New England Biolabs
(Ipswich, MA). The blmOrf8 gene, codon-optimized for expression in E. coli, was purchased
from Invitrogen Life Technologies. The expression vector pET-26b was purchased from
Novagen (Madison, WI). Cysteine, L-(+)-arabinose and ferric chloride were purchased from
Sigma Corp (St. Louis, MO). N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES)
was purchased from Fisher Scientific (Pittsburgh, PA), and imidazole was purchased from J. T.
Baker Chemical Co. (Phillipsburg, NJ). Potassium chloride and glycerol were purchased from
EMD Chemicals (Gibbstown, NJ), and dithiothreitol (DTT) was purchased from Gold
Biotechnology (St. Louis, MO). Coomassie blue dye-binding reagent for protein concentration
determination was purchased from Pierce (Rockford, IL), as was the bovine serum albumin
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standard (2 mg/ml). Nick pre-poured gel-filtration columns were purchased from GE Biosciences
(Piscataway, NJ). All other chemicals were of the highest grade available.
DNA sequencing was carried out at the Pennsylvania State University Nucleic Acid
Facility. SPEX CertiPrep (Metuchen, NJ) Claritas PPT single element Fe (1000 mg/L in 2%
HNO3) was used to prepare iron standards for quantitative iron analysis.
Sonic disruption of E. coli cell suspensions was carried out with a 550 sonic
dismembrator from Fisher Scientific using a horn containing a 0.5 inch tip. The cable was
threaded through a port in a Coy (Grass Lakes, MI) anaerobic chamber to allow the process to be
performed anaerobically. UV-visible spectra were recorded on a Cary 50 spectrometer from
Varian (Walnut Creek, CA) using the WinUV software package to control the instrument and
manipulate the data. Mössbauer spectra were recorded on a spectrometer from WEB Research
(Edina, MN), which was equipped with an SVT-400 cryostat from Janis Research Co
(Wilmington, MA). Spectra were analyzed with the program WMOSS from WEB Research. 57Fe
(97-98%) metal for Mössbauer spectroscopy was purchased from Isoflex USA (San Francisco,
CA). X-band (~9.5 GHz) electron paramagnetic resonance (EPR) spectroscopy was conducted
on a Bruker ESP 300 spectrometer equipped with an Oxford Instruments Model ESP 900
continuous flow cryostat.

Methods
Production and Purification of BlmOrf8
Cloning of the BlmOrf8 gene into pET-26b
The gene encoding BlmOrf8 was codon-optimized for expression in E. coli by Invitrogen
Life Technologies. The pMA plasmid containing blmOrf8 was digested at 37 °C for
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approximately 18 h (total volume of 50 μL) with NdeI and EcoRI in 10 EcoRI buffer (50mM
NaCl, 100 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 0.025% Triton X-100). pET-26b was digested
(total volume of 50 μL) with NdeI and EcoRI in 10 EcoRI buffer under the same conditions.
The digested fragments were subjected to electrophoresis in a 1% (w/v) agarose gel.
Fragments corresponding to 5.2 kb (pET-26b digest) and 1.3 kb (blmOrf8 digest) were
excised from the gel using a clean razor blade, and purified by the protocol specified for the
Omega Bio-Tek gel—extraction system. The fragments were ligated for 18 h at room
temperature in a reaction that contained T4 DNA Quick Ligase, T4 DNA Quick Ligase buffer,
extracted blmOrf8, and extracted pET-26b DNA.
A 10 μL aliquot of the ligation reaction was added to thawed competent E. coli DH5α (50
μL) cells, and the mixture was incubated on ice for 30 min. The cells were heat shocked for 30 s
at 42 °C, and then added to 450 μL of Luria-Bertani (LB) media and incubated at 37 °C for 1 h.
The solution was plated onto LB media containing kanamycin (50 μg/mL), and the plates were
incubated overnight at 37 °C. Plasmid DNA was isolated from four clones using the protocol
specified for the MidiPrep Kit and sequenced by the Penn State Nucleic Acid Facility to confirm
that all contained the blmOrf8 insert.

Overproduction of holo-BlmOrf8
A 1 μL aliquot of DNA from clone 1 was added to competent BL21 cells containing the
plasmid pDE1282 and incubated on ice for 30 min. The cells were heat-shocked for 30 s at 42
°C, and then added to 450 μL of LB media. The solution was incubated at 37 °C for 1 h and
plated onto LB media containing kanamycin (50 μg/μL) and ampicillin (100 μg/μL). The plate
was incubated overnight at 37 °C.
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A single colony of BL21 cells containing blmOrf8 in the pET-26b plasmid was used to
inoculate a 250 mL starter culture of LB media containing kanamycin (50 μg/mL) and ampicillin
(100 μg/mL), which was subsequently cultured at 37 °C with agitation (180 rpm) overnight for
large-scale expression for the purpose of isolating the protein. An arabinose growth with 57Fe
was used to overproduce the protein with the Fe/S cluster intact (holo). A portion (50 mL) of the
starter culture was used to inoculate 2  4L flasks of M9 minimal media, which were incubated
at 37 °C and 180 rpm. At an OD600 of approximately 0.3, 8g of arabinose, 300 μM cysteine, and
200 of μL of 57Fe were added to the flasks. At an OD600 of approximately 0.6, the flasks were
cooled to 18 °C, and gene expression was induced by the addition of 200 μM IPTG. The cells
were cultured overnight and harvested by centrifugation (10,000  g) 24 h post induction. Cell
paste was frozen in liquid nitrogen for storage at -80 °C. Samples were taken pre- and postarabinose induction and pre- and post-IPTG induction to assess protein production via SDSPAGE.

Overproduction of apo-BlmOrf8
The addition of the iron chelator, o-phenanthroline, to the E. coli growth media during
induction of the blmOrf8 gene was used to overproduce BlmOrf8 in its apo form. The procedure
was identical to that used for overproducing BlmOrf8 in its holo form, except that ophenanthroline, rather than arabinose, cysteine, and 57Fe, was added at induction. At an OD600 of
0.3, 200 mL of 10 amino acid supplement mix were added to 2  4L flasks of M9 minimal
media. At an OD600 of approximately 0.6, o-phenanthroline (100 μM) was added to the flasks,
which were cultured for another 15 min at 37 °C. These flasks were then cooled to 18 °C, and
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gene expression was induced by the addition of 200 μM IPTG. Samples were taken pre- and
post-induction to assess protein production via SDS-PAGE.

Purification of BlmOrf8 by Ni-NTA Affinity Chromatography
Purification of apo and holo BlmOrf8 was performed separately using the same
procedure. All steps were performed anaerobically, inside a Coy anaerobic chamber, unless
indicated otherwise. Cell paste (21.7 g for holo and 19.4 g for apo) from the large-scale
overproduction of BlmOrf8 was resuspended in cold (4 °C) lysis buffer (50mM HEPES pH 7.5,
300 mM KCl, 0.35 mM BME, 10 mM imidazole, 5% glycerol, 0.1% triton). Lysozyme
(1mg/mL) and DNase (0.1 mg/mL) were added, and the solution was incubated on ice until the
cell paste thawed (~30 min). The cells were subjected to sonic disruption on ice for 1 min, and
then allowed to cool in an ice-water bath for 5 min. The process was repeated for seven cycles.
The lysate was centrifuged (50,000  g) for 25 min at 4 °C. A column containing nickel
nitrilotriacetic acid (Ni-NTA) resin was equilibrated with lysis buffer. The supernatant was
loaded onto the column, which was then washed with 150 mL of wash buffer (50 mM HEPES
pH 7.5, 300 mM KCl, 10 mM BME, 20 mM imidazole, 10% glycerol). The column was eluted
with elution buffer (50 mM HEPES pH 7.5, 300 mM KCl, 10 mM BME, 200 mM imidazole,
20% glycerol). For the purification of holo BlmOrf8, fractions were pooled according to color;
for the purification of apo BlmOrf8, protein-containing fractions were pooled by their relative
abilities to react with Bradford reagent. The volume of the eluate was reduced to approximately 1
mL by use of an Amicon centrifugal filter unit (10,000 MW cut off) according to manufacturer’s
specifications. Samples (10 μL) were taken from the supernatant, flowthrough, wash and eluate,
and analyzed by SDS-PAGE.
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The resulting protein solution was exchanged into S-200 buffer (25 mM HEPES pH 7.5,
500 mM KCl, 10% glycerol) using a PD-10 column. The concentrations of apo and holo
BlmOrf8 were determined by a Bradford assay using bovine serum albumin (BSA) as a standard.

Reconstitution and Characterization of BlmOrf8
Reconstitution of BlmOrf8
BlmOrf8 apo and BlmOrf8 holo were reconstituted separately using the same procedure.
A total reaction volume of 40 mL was used. BlmOrf8 holo was thawed on ice and diluted to 48.8
μM in 5 mL of S-200 buffer. Iron-57 (1 mM), 4 mL of 100 mM DTT in 100 mM HEPES, pH
7.5, and 30 mL S-200 buffer were added to the protein. After confirming that the pH of the
solution was 7.5 before addition, 110 μL aliquots of a 1.1 mM Na2S solution were added every
10 min over a period of 40 min. The reconstitution mixture was incubated on ice overnight and
then centrifuged (14,000 rpm for 10 min) to remove precipitated material. BlmOrf8 apo was not
recovered following the reconstitution; the reconstitution of BlmOrf8 holo was carried forward.
BlmOrf8 holo was concentrated using an Amicon centrifugal unit and exchanged into gel
filtration buffer (10 mM HEPES pH 7.5, 500 mM KCl, 5 mM DTT, and 10% glycerol) using a
PD-10 column. The filtered protein was further chromatographed on a Superdex 200 (S-200)
column to remove protein aggregates. The concentration of reconstituted BlmOrf8 holo
(BlmOrf8 holo Rc) was determined by a Bradford assay using BSA as a standard.34 Both asisolated (Ai) and reconstituted (Rc) proteins were analyzed using UV-Visible spectroscopy by
scanning from 240 nm to 700 nm. Absorbancies at 280 nm (indicative of protein) and 400 nm
(indicative of Fe/S cluster) were recorded for all proteins to assess the extent of Fe/S cluster
incorporation.
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Iron Analysis of BlmOrf8
Iron analysis, conducted by the procedures of Beinert,30, 31 was used to quantify the iron
content of BlmOrf8 holo Ai and BlmOrf8 holo Rc. A 100μM iron solution was used to prepare
standards containing 0.55, 1.1, 5.5, 10.9, 16.4, 21.8, 27.3, and 32.8 μM iron. The sample proteins
were diluted in S-200 buffer to a concentration that would ensure its iron concentration would be
in the middle of the standard curve, assuming a value of 4 mol Fe per mol of protein. Reagent A
(300 μL) (1.35 g SDS in 30 mL H2O, mixed with 0.45 mL of saturated Fe-free sodium acetate)
and Reagent B (300 μL) (270 mg of ascorbic acid and 9 mg of sodium metabisulfite in 5.6 mL of
H2O, mixed with 0.4 mL of saturated acetate) were added to the solutions in their respective
order. The solutions were incubated at room temperature for 15 min. Reagent C (15 μL) (18.0
mg of ferene per 1 mL H2O) was added, and the absorbance at 593 nm was measured for all
standards and samples.

Sulfide Analysis of BlmOrf8
Sulfide analysis, conducted by the procedures of Beinert,30, 31 was used to quantify the
acid-labile sulfide content of BlmOrf8 holo Ai and BlmOrf8 holo Rc. All steps were performed
anaerobically unless indicated otherwise, and all samples were done in quadruplet. A 22.4 μM
Na2S solution was used to create standards containing 0, 25, 50, 75, and 100 μM Na2S. The
appropriate protein was diluted in 50 mM NaOH to a concentration that would ensure that its
sulfide concentrations would be in the middle of the standard curve, assuming a value of 4 mol
S2- per mol of protein. Zinc Acetate (300 μL of a 1% solution) was added to 100 μL of each
reaction in an Eppendorf tube. NaOH (15 μL of a 12% solution) was added, and the resulting
solutions were mixed by gently inverting the Eppendorf tubes. After incubating the solutions at
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room temperature for 2 h, they were underlayed with 75 μL of a 0.1 % DMPD solution in 5N
HCl. Ferric chloride (2 μL of a 23 mM solution in 1.2 N HCl) was added immediately afterward,
and the solutions were again mixed by gently inverting the Eppendorf tubes. The samples were
centrifuged (14,000 rpm for 15 min), and then removed from the anaerobic chamber to complete
the procedure under aerobic conditions. Aliquots (400 μL) of each sample were removed and
added to 800 μL of 1 mM HEPES pH 7.5. The solutions were incubated for 30 min at room
temperature, and the resulting absorbancies were measured at 666 nm for all standards and
samples.

Amino Acid Analysis of BlmOrf8
Because the correct stoichiometry of metal ions per protein molecule requires an accurate
determination of protein concentration, a correction factor was obtained for the Bradford method
of protein concentration determination using bovine serum albumen (Fraction V) as a standard.34
BlmOrf8 was exchanged into 10 mM NaOH using a pre-poured gel-filtration column to
remove iron and sulfide from the protein. Three samples were dried and submitted to the
proteomics facility at the University of California-Davis, where the actual concentration of the
protein in the given volume was determined via amino acid analysis.
The same BlmOrf8 submitted to the proteomics facility was used in Bradford assays. A
Bradford assay using BSA as a standard was repeated 3 times to generate 3 standard curves that
were averaged into one curve. Samples were prepared in quadruplet, and absorbance values were
inserted into the standard curve to generate an average concentration for the BlmOrf8 sample.
The concentrations obtained by amino acid analysis were averaged to calculate the concentration
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of BlmOrf8 in the sample, and compared to the average value calculated by the Bradford
standard curve to determine a correction factor for the protein.
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Fe Mössbauer Spectroscopy
Samples of BlmOrf8 holo Ai and BlmOrf8 holo Rc were prepared for analysis by

Mössbauer spectroscopy. Samples were diluted in HEPES, pH 7.5, to give a total reaction
volume of 300 μL. The diluted protein was introduced into the Mössbauer cup and frozen by
carefully lowering the cup into liquid N2.The final concentrations were 224 μM of BlmOrf8 holo
Ai and 229 μM of BlmOrf8 holo Rc. The frozen samples were stored at -80 °C until they were
analyzed
Mössbauer spectra were recorded at 4.2 K and in an external magnetic field of 53 mT.
The spectra were used to determine the contribution of all Fe species in the sample (cluster forms
and adventitiously bound Fe) by spectral analysis. The stoichiometries for all Fe/S cluster types
per protein were calculated by multiplying the total number of Fe ions per protein by the fraction
of any particular cluster form identified by Mössbauer spectroscopy, and then dividing by the
number of Fe ions found in the cluster form.

Electron Paramagnetic Spectroscopy
Four samples of BlmOrf8 (200 μL total volume) were prepared for characterization by
electron paramagnetic resonance (EPR) spectroscopy. Samples consisted of BlmOrf8 holo Ai
and BlmOrf8 holo Rc. For each protein, one sample contained only the protein, and one sample
contained the protein, 1 μM SAM, and 10 μM dithionite prepared in 1M Tris-HCl, pH 8. Each
sample was placed in an EPR tube, which was dipped slowly in liquid N2 to avoid the tube from
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breaking due to aqueous expansion. An EPR spectrum of each sample was recorded at 10-13 K
using a modulation amplitude of 10 G and a microwave power of 100 μW.

Results and Discussion
Production and Purification of BlmOrf8
Cloning of BlmOrf8 into pET-26b
To optimize the purification of BlmOrf8, the blmOrf8 gene was cloned into a pET
expression vector. Both the gene encoding BlmOrf8, cloned into a vector between NdeI and
EcoRI sites, and pET-26b-BtrN were digested with NdeI and EcoRI. The digests were resolved
on an acrylamide gel, and the bands corresponding to the pET-26b vector (5.2 kb) and the
blmOrf8 gene (1.2 kb) were extracted (Figure 3.3). The gel shows a clear separation between the
extracted bands and the other pieces of DNA present in the digest.

kb

kb

Figure 3.3: Restriction digests of pET-26b and blmOrf8
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The extracted fragments were ligated, and the resulting plasmids were then transformed
into E. coli DH5(α) cells, a strain with a high transformation efficiency. Because pET-26b
contains a gene for kanamycin resistance, the cells were cultured on LB media containing
kanamycin to select for those containing plasmids. Four colonies were selected for plasmid
purification. The extracted plasmids were sequenced using a primer complementary to the T7
promoter, and the sequences were aligned with the blmOrf8 gene. All four clones showed 100%
sequence identity with the blmOrf8 gene.
One of the plasmids, called BlmOrf8_1, which contained the cloned blmOrf8 gene was
selected and used to transform E. coli BL21 (DE3) cells. The pDB1282 plasmid, which encodes
proteins involved in the biosynthesis of Fe/S clusters and their incorporation into target proteins,
was also used to transform BL21 (DE3) cells along with blmOrf8

Expression of BlmOrf8 in BL21 cells
The successfully transformed BL21 cells were then used in the large-scale expression of
the blmOrf8 gene. The enzyme was overproduced using two methods, one designed to produce
proteins with a full complement of their Fe/S clusters, and another designed to produce proteins
in their apo states. In order to maximize cluster incorporation, the blmOrf8 gene was coexpressed with genes on plasmid pDB1282. Previous studies on RlmN and Cfr, members of
Class A RS methylases, have shown that the Fe/S cluster is necessary for methylation of a target
cysteine residue via an SN2 reaction.6 To investigate the role of the Fe/S cluster in the activity of
BlmOrf8, the protein was produced in its apo form. To produce BlmOrf8 in the absence of its
Fe/S cluster(s), arabinose, iron, and cysteine were omitted at induction; however, ophenanthroline, an iron chelator, was added to a concentration of 100 μM. Previous studies on

59

RlmN and Cfr, members of Class A RS methylases, have shown that the Fe/S cluster is
necessary for methylation of a target cysteine residue via SN2 reaction.6 Thus, to investigate the
role of the Fe/S cluster in the activity of BlmOrf8, a phenanthroline growth was used to bind the
trace iron in solution and prevent the formation of any Fe/S cluster bound by the protein.
The cells were grown in M9 minimal media and expression of the blmOrf8 gene was
induced with IPTG. SDS-PAGE analysis was used to analyze the expression of the enzyme
(Figure 3.4). Figures 3.4A and 3.4B show an increase in BlmOrf8 expression at 48 kDa
following induction with IPTG for both growths, consistent with its predicted molecular mass.

Figure 3.4: SDS-PAGE electrophoresis showing expression of A: BlmOrf8 apo produced
using a phenanthroline grown and B: BlmOrf8 holo produced using an arabinose growth with 57Fe
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Purification of BlmOrf8 using Ni-NTA chromatography
Because the Fe/S clusters of RS enzymes are unstable in the presence of oxygen, the
protein purification is typically conducted in minimally aerobic conditions. Both BlmOrf8 apo as
isolated (BlmOrf8 apo Ai) and BlmOrf8 holo as isolated (BlmOrf8 holo Ai) were purified using
IMAC. The histidine tag affixed to the protein allowed for interaction with nickel residues on NiNTA resin. As discussed in Chapter 2, in this method, the imidazole ring nitrogens from the
histidine tag bind to the nickel ion coordinated by NTA and cause the protein to bind to the resin.
After washing with low concentrations of imidazole, the protein can be eluted under mild
conditions with the addition of a high concentration of imidazole, which competes with the
protein for binding sites on the Ni ion. SDS-PAGE (Figure 3.5) was used to analyze the purity of
BlmOrf8 throughout the purification.

Figure 3.5: SDS-PAGE electrophoresis showing IMAC purification of A: BlmOrf8 apo
and B: BlmOrf8 holo

Figures 3.5A and 3.5B show the increased purity of BlmOrf8 apo Ai and BlmOrf8 holo
Ai following affinity chromatography. BlmOrf8 apo shows a reduced yield compared to
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BlmOrf8 holo. Although the eluate fractions for BlmOrf8 apo contain a smaller amount of
protein, samples earlier from earlier in the purification—including supernatant, flow, and wash—
do not show elevated BlmOrf8 levels, which suggests that less protein was produced overall. The
decrease in protein yield may indicate the reduction of the apo enzyme’s stability in solution
because of the lack of the Fe/S cluster.
Additionally, the presence of faint bands in both gels may indicate the presence of
containment from other naturally-occurring proteins in E. coli; however, the weakness of the
bands compared to the intensity of the band corresponding to BlmOrf8 indicates only a small
concentration of contaminating proteins relative to the target enzyme. The majority of the protein
in the sample corresponds to desired BlmOrf8 enzyme.

Reconstitution and Characterization of BlmOrf8
Reconstitution of BlmOrf8
Because many RS proteins are purified without their complete accompaniment of Fe/S
clusters, reconstitution is necessary to restore them in vivo. Both BlmOrf8 apo Ai and BlmOrf8
holo Ai were reconstituted using a procedure developed by the Booker lab to restore the full
complement of Fe/S cluster(s) binding the protein. BlmOrf8 apo Ai did not reconstitute
successfully; the protein aggregated during the procedure and was irreversibly denatured.
BlmOrf8 holo Ai was reconstituted successfully, and residually bound Fe and S species to the
surface of the enzyme were removed via anaerobic gel filtration with an Sephadex 200 (S-200)
column. SDS-PAGE (Figure 3.6) was used to monitor the purity of the proteins before and after
reconstitution.
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Figure 3.6: SDS-PAGE electrophoresis showing BlmOrf8 apo and BlmOrf8 holo before
and after reconstitution and ananerobic gel filtration with an S-200 column

Despite the gel filtration chromatography, purity between as isolated and reconstituted
samples is comparable. The sample for the as isolated protein shows increased smearing and a
lesser concentration compared to the reconstituted protein.

UV-Visible spectra (Figure 3.6) were obtained for all as isolated and reconstituted
proteins. The spectra show the characteristic absorbance of RS proteins, with peaks near 280 and
410 nm.
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Figure 3.7: UV-visible spectra for A: BlmOrf8 Apo Ai; B: BlmOrf8 Holo Ai; C:
BlmOrf8Holo Rc. The scan spanned the wavelengths 240 nm to 700 nm
BlmOrf8 holo, both as isolated and reconstituted enzymes, shows distinguishing features
consistent with the presence of [4Fe-4S] clusters. The shoulder at 320 nm, the peak around 400
nm, and the broad tailing at higher wavelengths are characteristic features of this particular type
of cluster. Consistent with the expectation that BlmOrf8 apo Ai contains no Fe/S cluster, the
spectrum for the apo enzyme shows minimal absorbance for wavelengths past 300 nm. The lack
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of iron in the sample causes a lack of signal in this area. Comparing the BlmOrf8 holo Ai and
BlmOrf8n holo Rc spectra, BlmOrf8 holo Ai shows a higher absorbance at 410 nm and more
background signal in the regions of higher wavelength than the reconstituted protein. Similar to
the spectra for reconstituted NosN, the reduction of the peak at 410 nm and beyond indicates that
some iron, most probably the adventitiously bound iron, was removed from the protein upon
reconstitution. The removal of this adventitiously bound iron indicates the success of the
reconstitution and subsequent gel filtration chromatography.

Metal Quantification
Both iron and sulfide analysis according to the procedures developed by Beinert and
Kennedy30,31 were used to determine the number of iron and sulfide atoms per protein molecule
for all as isolated and reconstituted proteins.
In order to obtain accurate values of metal ions bound per enzyme, precise methods for
determining protein, iron, and sulfide concentration are necessary. The colorimetric Bradford
method determines protein concentration of an unknown sample based on a standard curve
generated from the known concentration of a standard protein, bovine serum albumin (BSA).
The reaction of BSA with the Coomassie reagent causes a color change that is measured
spectrophotometrically at 595 nm. The accuracy of the assay can be undermined by the
differences in interactions with the color-inducing reagent that differ between the target protein
and BSA. To account for this variability, a correction factor for the target protein must be
obtained for the Bradford method to determine accurately protein concentration.
Amino acid analysis was used to obtain the concentration of BlmOrf8 based on amino
acid sequence by the University of California-Davis proteomics facility. The concentration
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determined by proteomics was then compared to the concentration calculated by Bradford assays
done in triplicate to quantify the differences. A correction factor was obtained by dividing the
concentration determined by the Bradford method. The calculated correction factor for BlmOrf8
is 0.807. The concentration of BlmOrf8 determined by the Bradford method was multiplied by
this correction factor to obtain an accurate protein concentration. These corrected concentrations
were then used to quantify the number of iron and sulfide ions bound per enzyme. The results of
the metal quantification are shown in Table 3.1.

Table 3.1: Quantification of iron and sulfide atoms per protein molecule
Enzyme

Iron analysis

Sulfide analysis

BlmOrf8 holo Ai
BlmOrf8 holo Rc

6.0 0.212
3.2 0.244

3.5 0.100
2.9 0.200

The values obtained from the iron and sulfide analysis are consistent with the results
expected from a protein possessing a [4Fe-4S] cluster. The number of iron and sulfide ions
bound per protein for BlmOrf8 holo does not significantly differ between the as isolated and
reconstituted species. Both the iron and sulfide ions bound per mol of enzyme show a reduction
in metal species for the reconstituted BlmOrf8.The reduced binding of ions per protein suggests
that the reconstitution followed by gel filtration may have succeeded in removing uncoordinated
iron and sulfide species. The results of this analysis are consistent with the presence of a single
[4Fe-4S] cluster bound by the BlmOrf8 holo as isolated and reconstituted enzymes.
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Fe Mössbauer Spectroscopy
As discussed in Chapter 2, Mössbauer spectroscopy is typically used to determine the

valence state and site occupancy of Fe in a given solid. Investigations by Münck and coworkers
have correlated the Mössbauer spectroscopic features of different Fe/S cluster forms with their
EPR spectroscopic features to allow for the identification of the type of Fe/S cluster based on its
unique electronic structure. Mössbauer spectroscopy is able to detect EPR-silent [4Fe-4S]2+ and
[2Fe-2S]2+ cluster forms, the most common types of Fe/S clusters.33 [4Fe-4S] clusters in their 2+
oxidation state consist of two delocalized mixed-valent pairs Fe2.5+-Fe2.5+ (S = 9/2) antiferromagnetically coupled yielding a diamagnetic ground state (Stot = 0).
The Mössbauer spectra of BlmOrf8 holo Ai and BlmOrf8 holo Rc are shown in Figure
3.8. The spectra can be adequately fitted considering a single quadrupole doublet, with unequal
linewidths for the left and right lines, accounting for a heterogeneity originating from a
distribution of isomer shifts and quadrupole splitting parameters. The parameters are
characteristic of the classical tetranuclear ferredoxin Fe/S clusters, as well as SAM dependent
clusters. The spectra show an isomer shift of 0.44 mm/s and splitting energy of 1.12 mm/s.
Isomer shifts in the range 0.4-0.6 mm/s indicate iron ions in the2.5+. oxidation state Because the
Fe atoms of the Fe/S cluster are each bound to 2 sulfide atoms, which are soft ligands, they will
experience delocalized valence electrons.

A
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B

Figure 3.8: Mössbauer spectrum of A: BlmOrf8 Ai and B: BlmOrf8 Rc. The spectra
were recorded at 4.2 K and at a magnetic field of 53 mT applied parallel to the γ beam.
The Mössbauer spectrum of BlmOrf8 shows that almost 50% of the Fe absorption of the
total Fe absorption corresponds to [4Fe-4S]2+ clusters (the green solid line is the fit with
parameters specified above), whereas the rest of the sample (~ 50%) exhibits a broad and
uncharacteristic magnetic spectrum, which can be attributed to high-spin N/O coordinated
Fe2+species adventitiously bound in the protein. After reconstitution, the spectrum of the Blm8
shows predominantly a quadrupole doublet originating from the diamagnetic tetranuclear cluster.
Despite the poor signal-to-noise ratio of this spectrum, it appears that the majority of the Fe in
the sample ( > 90%) is in the form of [4Fe-4S] clusters.

Electron Paramagnetic Resonance Spectroscopy
A technique commonly used to analyze the atomic structure and ligand binding of a
compound, EPR spectroscopy can only be applied to compounds containing one or more
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unpaired electrons.16 In relation to Fe/S clusters, commonly active EPR Fe/S cluster forms
include [2Fe-2S]+, [3Fe-4S]+, [4Fe-4S]+, and [4Fe-4S]3+ (S = ½ ground state). Significantly, the
two most widespread cluster forms, [2Fe-2S]2+ and [4Fe-4S]2+, have diamagnetic S = 0 ground
states and therefore are EPR silent.6 The spectrum for the BlmOrf8 samples, both in the presence
and absence of the dithionite reducing agent, showed no signal. The silent spectra, together with
the Mössbauer spectra, confirm the presence of a [4Fe-4S] cluster coordinated by the enzyme.

Conclusions
The successful expression and purification of BlmOrf8 holo indicates that combination of
the pET-26b vector expression system in E. coli and immobilized metal affinity chromatography
offers a good strategy for the production and isolation of the protein. The decreased yield of
BlmOrf8 apo may result from a reduced solubility because of the removal of the Fe/S cluster.
Upon reconstitution, the instability of apo enzyme caused precipitation that irrevocably damaged
the protein.
Despite the loss of the apo enzyme, the holo protein remained stable for further
investigation. The combination of data from the metal quantification analyses and spectroscopic
techniques offers strong evidence for the presence of one [4Fe-4S] cluster coordinated by the
protein. The isomer shift and quadrupole doublet parameters of the Mössbauer spectra are
consistent with only [4Fe-4S] clusters bound by the protein and this information in concert with
iron and sulfide analyses indicate only one of this cluster form per protein. The silent EPR
spectra indicate that the cluster is diamagnetic, consistent with expectations of the [4Fe-4S]
cluster. Thus, the EPR spectra confirm the findings of the Mössbauer spectroscopy to provide
evidence for the presence of a [4Fe-4S] cluster. The features of the UV-visible spectra, consistent
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with the presence of at least one Fe/S cluster, provide further evidence for binding of a [4Fe-4S]
cluster.
In accordance with crystal structures of proteins containing the conserved Cys residue
motif, the [4Fe-4S] cluster is likely coordinated by three Cys residues of BlmOrf8. In well
characterized enzymes of the RS superfamily, three Fe atoms of the cluster are bound by a Cys
residue, and the fourth is available for bidenate binding to SAM. The conserved Cys motif and
the [4Fe-4S] cluster bound by BlmOrf8 suggest that the Fe/S cluster is likely involved in the
catalysis of SAM cleavage. The mechanism of methyl transfer by BlmOrf8 will be discussed
further in Chapter 4.
Additionally, the spectroscopic techniques indicate the success of the reconstitution of
BlmOrf8. The cleaner spectra obtained via these methods and the reduction of background noise
provide evidence for the removal of excess, structurally insignificant iron and sulfide species
from the protein.
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Chapter 4:
Activity Determination of NosN and BlmOrf8

Introduction
Studies into the structural features of Class C enzymes belonging to the RS superfamily
have revealed insight into the catalytic mechanism of these methylases. Class C enzymes share
high sequence homology with the well-characterized enzyme HemN, a radical SAM oxygenindependent coproporphyrinogen III oxidase from E. coli.40 HemN catalyzes the oxidative
decarboxylation of coproporphyrinogen III to protoporphyrinogen IX by consecutively oxidizing
two propionate side chains on rings A and B of the substrate to the corresponding vinyl groups.
The X-ray crystallographic structure of HemN reveals a (βα)6 TIM barrel radical SAM core as
well as a C-terminal domain, features believed to be shared by Class C RS methylases.1 The
crystal structure shows the binding of two SAM molecules to HemN, the first to the [4Fe-4S]
cluster and the second to an adjacent site on the enzyme. Conservation of the residues involved
in SAM binding by HemN throughout Class C RS methylases suggests that members of this
class may also bind two SAM molecules. A multiple sequence alignment with the key conserved
residues in HemN, NosN, and BlmOrf8 is shown in Figure 4.1.
In further studies to elucidate the mechanism of HemN, SAM was identified as a cosubstrate for HemN catalysis. For each catalytic cycle, two molecules of SAM were cleaved for
the formation of one molecule of product. The cleavage of SAM was dependent on the presence
of substrate. To confirm the significance of the second SAM molecule not coordinated by the
Fe/S cluster, it was targeted using site-directed mutagenesis. While the mutants retained the
ability to cleave SAM, they lost their overall catalytic ability to form product.43 It has been
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suggested that the two differentially bound SAM molecules are used to abstract the β-C atoms of
the two substrate propionate side chain in rings A and B. This mechanism would involve transfer
of an electron from the SAM-bound Fe/S cluster to the second SAM molecule to allow for 5’dA•
formation and subsequent decarboxylation after abstraction of the appropriate H•. The ejected
electron could be transferred to the SAM-bound Fe/S cluster to allow for 5’dA• formation at that
site and subsequent decarboxylation after abstraction of the appropriate H•. Despite the insight
that studies on the model enzyme HemN have revealed, the mechanism of action of Class C
enzymes remains unclear.

Figure 4.1: Multiple sequence alignment of HemN (E. coli), NosN (S. actuosus) and BlmOrf8 (S. verticillus). The
three cysteine residues in the conserved CxxxCxxC motif are highlighted in green. The residues believed to be
involved in binding the first and second SAM molecular are highlighted in red and blue, respectively.

To investigate the catalytic strategies of the representative Class C enzymes NosN and
BlmOrf8, assays were developed to detect turnover. The assays investigated the enzymes’
abilities to cleave SAM irreversibly and generate the 5’dA• and SAH stoichiometric products.
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SAM and 5’dA were detected and quantified using high-performance liquid chromatography
(HPLC) with detection by electrospray mass spectrometry (MS) and UV-visible spectroscopy.

The Role of NosN in the Nosiheptide Biosynthetic Pathway
In efforts to identify the substrate for NosN, the enzyme’s role in the nosiheptide
biosynthetic pathway was studied. Feeding studies have demonstrated that MIA can be
incorporated into nosiheptide in vivo.16 Thus, it was hypothesized that NosN may be capable of
methylating MIA in an in vitro reaction to form 3,4-methyl indolic acid. Upon incubation of
MIA, SAM, dithionite, (acting as a reducing agent) and NosN, formation of a new species was
detected via HPLC-MS; however, the mass spectrum of this species was not consistent with the
expected product (m/z = 186.0), which would consist of a methyl group on C4 of MIA. Rather,
the observed m/z of 184.0 suggested formation of a species containing an exocyclic methylene
group, such as 3-methyl-4-methylene-4H-indolic acid. The UV-vis spectrum of this product and
its associated mass spectrum are shown in Figure 4.2. This work was performed by Tyler Grove
in the Booker lab. The 3-methyl-4-methylene-4H-indolelic acid formed in the reaction of NosN
with MIA suggested that MIA is might not be the preferred substrate for NosN. The formation of
the unexpected product may result from improper binding of MIA to NosN. Thus, further studies
were conducted to explore potential substrates for the NosN reaction.
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During investigation of the role of NosN in the nosihpetide biosynthetic pathway, Liu and
coworkers16 suggested that NosN-mediated methylation may occur by one of two pathways:
either following incorporation of the methyl indolic acid moiety into the nosiheptide precursor or
directly on MIA before its incorporation into the intermediate by the acyltransferase NosK.
These two alternative pathways are shown in Figure 4.3.
While NosN is capable of acting on MIA to produce a chemical transformation, the
product formed is not consistent with the structure of the expected product. If NosN acts before
incorporation of the methyl indolic group by NosK, it may bind specifically to MIA linked to
NosK. If the improper product formation observed in the HPLC-MS studies with MIA, NosN,
and SAM is the result of improper binding, the incorporation of NosK into the assay may correct
the incorrect binding.
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Figure 4.3: Alternate pathways of nosiheptide synthesis by NosN and NosK
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To test this hypothesis, the gene for NosK was codon-optimized for expression in E. coli
by Invitrogen Life Technologies. The gene was cloned into pET-28a, and then transformed into
BL21 cells for large-scale expression in Luria-Bertani (LB) media. Expression was induced with
isopropyl--D-thiogalactopyranoside (IPTG), and cells were harvested and lysed. NosK was then
purified using immobilized metal affinity chromatography (IMAC), exchanged into anaerobic
buffer, and used in assays with NosN, SAM, and MIA. Product formation was detected and
quantified using HPLC coupled mass spectrometry and UV-visible spectroscopy.

Materials
All DNA-modifying enzymes and reagents were purchased from New England Biolabs
(Ipswich, MA). The nosK gene, codon-optimized for expression in E. coli was purchased from
Invitrogen Life Technologies. The expression vector pET-26b was purchased from Novagen
(Madison, WI). N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) was
purchased from Fisher Scientific (Pittsburgh, PA), and imidazole was purchased from J. T. Baker
Chemical Co. (Phillipsburg, NJ). Potassium chloride and glycerol were purchased from EMD
Chemicals (Gibbstown, NJ), and dithiothreitol (DTT) was purchased from Gold Biotechnology
(St. Louis, MO). Coomassie blue dye-binding reagent for protein concentration determination
was purchased from Pierce (Rockford, IL), as was the bovine serum albumin standard (2 mg/ml).
Nick pre-poured gel-filtration columns were purchased from GE Biosciences (Piscataway, NJ).
SAM was synthesized and purified by the Booker lab. All other chemicals were of the highest
grade available.
Sonic disruption of E. coli cell suspensions was carried out with a 550 sonic
dismembrator from Fisher Scientific using a horn containing a 0.5 inch tip. The cable was
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threaded through a port in a Coy (Grass Lakes, MI) anaerobic chamber to allow the process to be
performed anaerobically. UV-visible spectra were recorded on a Cary 50 spectrometer from
Varian (Walnut Creek, CA) using the WinUV software package to control the instrument and
manipulate the data.

Methods
Assays
Assays to Detect SAM Cleavage Activity
Assays contained final concentrations of the following in a total reaction volume of 150
μL: 100 mM Tris, pH 8.4, 100 mM KCl, 3 mM SAM, and 100 μM enzyme. Dithionite (3 mM)
was added to reactions with NosN holo Ai, NosN apo Rc, and BlmOrf8 holo Ai and excluded
from one reaction with NosN apo Rc. Reactions were initiated by addition of dithionite. Aliquots
of the reaction (20 μL) were removed at 0, 0.5, 1, 5, 10, 30, and 60 min and were quenched in an
equal volume of 100 mM H2SO4 containing 100 μM tryptophan (internal standard).
A standard curve of SAM-related products was generated to quantify the results of the
assay. A dilution mix containing 100 mM Tris, pH 8.4, 50 mM H2SO4, and 100 μM tryptophan
was prepared in a final volume of 500 μL. A solution of the highest standard concentration
containing 100 mM Tris, pH 8.4, 50 mM H2SO4, 100 μM tryptophan, 500 μM 5’dA, 500 μM
SAH, 500 μM adenine, and 1 mM SAM was prepared in a final volume of 100 μL. The
remaining standard curve concentrations were prepared by appropriate dilution of the highest
standard concentration into dilution mix.
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The SAM-related products of the enzymatic reactions were analyzed by HPLC with UVvis detection at 260 nm.

Assays to Detect Mechanism of SAM Cleavage
Assays contained final concentrations of the following in a total reaction volume of 150
μL: 100 mM Tris, pH 8.4, 100 mM KCl, 3 mM dithionite, and 100 μM enzyme. SAM (3 mM)
was added to one reaction with NosN apo Rc, while [methyl-d3] SAM (d3-SAM) was added to a
second reaction with NosN apo Rc. The two reactions were initiated by addition of dithionite.
Aliquots of the reactions (20 μL) were removed at 0, 0.5, 1, 5, 10, 30, and 60 min and quenched
in an equal volume of 100 mM H2SO4 containing 100 μM tryptophan.
A standard curve of SAM-related products was prepared as described in the assays to
detect SAM cleavage. The SAM-related products of the enzymatic reactions were analyzed by
HPLC coupled mass spectrometry with UV-vis detection at 260 nm.

Production and Purification of NosK
Cloning of the NosK gene into pET-28a
The gene for NosK was codon-optimized for expression in E. coli by Invitrogen Life
Technologies. The pMA plasmid containing nosK was digested at 37 °C for approximately 18 h
(total volume of 50 μL) with NdeI and EcoRI in 10 EcoRI buffer (50mM NaCl, 100 mM TrisHCl, 10 mM MgCl2, 0.025% Triton X-100). The pET-28a expression vector was digested (total
volume of 50 μL) with NdeI and EcoRI in 10 EcoRI buffer under the same conditions.
Digested fragments were subjected to electrophoresis in a 1% (w/v) agarose gel.
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Fragments corresponding to 5.2 kb (pET-28a digest) and 0.6 kb (nosK digest) were
excised from the gel using a clean razor blade, and purified by the protocol specified for the
Omega Bio-Tek gel extraction system. The fragments were ligated for 18 h at room temperature
in a reaction that contained T4 DNA Quick Ligase, T4 DNA Quick Ligase buffer, extracted
NosN and extracted pET-28 DNA.

Expression of NosK in BL21 Cells
An aliquot (10 μL) of the ligation reaction was added to competent E. coli BL21 (50 μL)
cells. The mixture was incubated on ice for 30 min. The cells were heat shocked for 30 s at 42
°C, and then added to 450 μL of LB media and incubated at 37 °C for 1 h. The solution was
incubated at 37 °C for 1 h and plated onto LB media containing kanamycin (50 μg/ μL). The
plate was incubated overnight at 37 °C.
A single colony of BL21 cells containing nosK in the pET-26 plasmid was used to
inoculate a 250 mL of starter culture of LB media containing kanamycin (50 μg/mL), which was
subsequently cultured with agitation (180 rpm) at 37 °C overnight for large-scale expression. A
portion (50 mL) of the starter culture was used to inoculate 4  4 L flasks of LB media
containing kanamycin (50 μg/mL), which were incubated at 37 C and 180 rpm. At an OD600 of
approximately 0.6, the flasks were cooled to 18 °C, and gene expression was induced by the
addition of 100 μM IPTG. The cells were cultured overnight and harvested by centrifugation
(10,000  g) 24 h post induction. Cell paste was frozen in liquid nitrogen for storage at -80 °C.
Samples were taken pre- and post-induction to assess protein production via SDS-PAGE.
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Purification of NosK by Ni-NTA Affinity Chromatography
Purification of NosK was performed using Ni-NTA affinity chromatography. All steps
were performed aerobically at 4 C unless indicated otherwise. Cell paste (40.5 g) from the largescale expression of nosK was resuspended in cold (4 °C) lysis buffer (50mM HEPES pH 7.5, 300
mM KCl, 10 mM BME, 2.5 mM imidazole, 5% glycerol, 0.1% triton X-100). Lysozyme
(1mg/mL) and DNase (0.1 mg/mL) were added, and the solution was incubated on ice until the
cell paste thawed (~30 min). The cells were subjected to sonic disruption for 1 min, and then
allowed to cool in an ice-water bath for 5 min. The process was repeated for seven cycles. The
lysate was centrifuged (50,000  g) for 50 min at 4 °C. A column containing nickel
nitrilotriacetic acid (Ni-NTA) resin was equilibrated with lysis buffer. The supernatant was
loaded onto the column, which was then washed with 150 mL of wash buffer (50 mM HEPES,
pH 7.5, 300 mM KCl, 10 mM BME, 20 mM imidazole, and 10% glycerol). The column was
eluted with elution buffer (50 mM HEPES, pH 7.5, 300 mM KCl, 10 mM BME, 300 mM
imidazole, and 20% glycerol). Protein-containing fractions were pooled by their relative abilities
to react with Bradford reagent. The volume of the eluate was reduced to approximately 1 mL by
use of an Amicon centrifugal filter unit (10,000 MW cut off) according to the manufacturer’s
protocol. Samples (10 μL) were taken from the supernatant, flowthrough, wash and eluate, and
analyzed by SDS-PAGE.
The resulting protein solution was exchanged into anaerobic S-200 buffer (25 mM
HEPES pH 7.5, 500 mM KCl, 10% glycerol) using a PD-10 column inside of a Coy anaerobic
chamber. The concentration of NosK was determined using UV-vis spectroscopy. The ExPASy
computer software (http://expasy.org/proteomics) was used to determine the extinction
coefficient of NosK via analysis of its amino acid sequence. The absorbance of NosK at 280 nm
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was measured and then divided by the calculated extinction coefficient (28,579 M-1cm-1) to
determine the concentration of protein in the sample.

Assays to Detect Activity of NosK
Assays contained final concentrations of the following in a total reaction volume of 100
μL: 100 mM Tris, pH 8.4, 100 mM KCl,, and 1000 μM NosK. Each reaction contained either 1
mM coenzyme A (CoA), 1 mM ATP, or both 1 mM CoA and 1 mM ATP. The reaction was
initiated by addition of 1 mM MIA. Aliquots of the reaction (20 μL) were removed at 0 and 30
min and quenched in an equal volume of 100 mM H2SO4 containing 100 μM tryptophan.
Products of the reaction were detected using HPLC coupled mass spectrometry with UV-vis
detection at 260 nm.

NosK and NosN Coupled Assays
Assays with both NosN and NosK contained final concentrations of the following in a
total reaction volume of 100 μL: 100 mM Tris, pH 8.4, 100 mM KCl, 1 mM MIA, 3 mM SAM,
1000 μM NosK, and 42.5 μM NosN. Each reaction contained either 1 mM CoA, 1 mM ATP, or
both 1mM CoA and 1 mM AMP. The reaction was initiated by addition of dithionite (3 mM).
Aliquots of the reactions (20 μL) were removed at 0 and 30 min and quenched in an equal
volume of 100 mM H2SO4 with 100 M tryptophan. Products of the reaction were detected using
HPLC coupled mass spectrometry with UV-vis detection at 260 nm.
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Results and Discussion
Assays
Assays to Detect SAM Cleavage Activity
Time-dependent assays with SAM and enzyme in the presence of reducing agent were
conducted to determine the ability of NosN and BlmOrf8 to cleave SAM into the expected
products of 5’dA• and SAH. Reactions were quenched at various time points and analyzed using
HPLC coupled mass spectrometry with UV-Vis detection at 260 nm. The results of the assay for
NosN are shown in Figure 4.4.
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Figure 4.4: Formation of 5’dA by NosN (100 μM). The upper line (A) shows product
formation by NosN holo Ai and the bottom line (B) shows product formation by NosN apo Rc.
Figure 4.4 shows a linear increase in the concentration of 5’dA over time for the assays
with NosN. The increasing formation of 5’dA indicates the ability of both NosN holo Ai and
NosN apo Rc to cleave SAM reductively. The average rate constants for formation of 5’dA were
0.025 min-1 for NosN holo Ai and 0.021 min-1 for NosN apo Rc. Notably, NosN apo Rc without
reducing agent showed no formation of 5’dA, as expected. In contrast to 5’dA, no clear trends
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were seen for the formation of SAH over time. The reason for the lack of SAH formation
remains unclear. It may be an artifact of the in vitro versus in vivo reaction or the lack of
substrate present in the reaction.
Interestingly, assays containing BlmOrf8 showed no increase in either SAH or 5’dA
formation. In contrast to the linear increase seen for NosN, the concentrations of the expected
SAM-related products did not follow a trend. The lack of product formation suggests that
BlmOrf8 may follow a unique mechanism, or that the enzyme is incapable of cleaving SAM in
the presence of reducing agent in vitro after isolation. Because formation of the 5’dA• is often
triggered by substrate, BlmOrf8 may not cleave SAM without a potential substrate present in the
reaction.

Assays to Detect Mechanism of SAM Cleavage
Assays were conducted on NosN to investigate the reductive cleavage of SAM further. In
these assays, either SAM or [methyl-d3]-SAM (d3-SAM) was added to NosN Apo Rc in the
presence of reducing agent. The reactions were analyzed using HPLC coupled mass
spectrometry with UV-Vis detection at 260 nm. The results are shown in Figure 4.5.

Figure 4.5: Deuterated tri-methyl SAM incorporation by NosN. The red arrow
indicates enrichment of 5’dA• at m/z 253.1. NosN 5’dA at m/z 253.1: ~33%. Standard 5’dA at
m/z % 253.1: ~13%

83

The NosN assay showed enrichment of m/z = 253.1 of 5’dA of ~20% above that found in
the authentic 5’dA standard. This enrichment suggests that a deuterium atom from the methyl
group of SAM is incorporated into 5’dA• during the reaction catalyzed by NosN. However, the
low levels of deuterium incorporation indicate that this mechanism may not be the dominant
mechanism of cleavage.
Yan et. al44 proposed a mechanism for methylation by RlmN and Cfr, later proved false,
which may be in operation for NosN. In the proposed mechanism (Figure 4.6), SAM1 undergoes
reductive cleavage to form the 5’dA•. The 5’dA• then abstracts a H• from SAM2. The SAM2derived radical intermediate can add into the amidine carbon of the substrate. Upon a further
one-electron reduction of the resulting radical intermediate, a hydride shift from the substrate
carbon to the methylene carbon (formerly the methyl carbon of SAM) occurs, affording a
synthesized methyl group. While this mechanism may be consistent with our observations of
NosN acting on d3-SAM, the thermodynamics of the reaction (BDE of 105 kcal/mol for C2—H
on the substrate) are highly unfavorable.

Figure 4.5: Proposed Mechanism of RlmN by Yan et. al.44
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Production and Purification of NosK
Cloning of NosK into pET-28a
Previous studies on the nosiheptide biosynthetic pathway have suggested the interaction
between NosN and NosK.16 Because of the unexpected product formation in the reaction of
NosN, MIA, and SAM, it was hypothesized that NosK might be necessary for proper binding of
NosN to the substrate. To test this hypothesis, the gene encoding NosK, codon-optimized for
expression in E. coli, and pET-28a were digested with NdeI and EcoRI. The digests were run on
an acrylamide gel, and the bands corresponding to the pET-28a vector (5.2 kb) and nosK (0.6 kb)
were extracted (Figure 4.6). The gel shows a clear separation between the extracted bands and
the other pieces of DNA present in the digest.

Figure 4.6: Restriction digests of pET-28 and NosK
The extracted fragments were ligated into pET-28a, and the resulting construct was
transformed into E. coli BL21 cells. Because pET-28a contains a gene for kanamycin resistance,
the cells were cultured on LB media containing kanamycin to select for those that contained the
successfully transformed plasmid.
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Expression of nosK in BL21 cells
The successfully transformed BL21 cells were then used in the large-scale expression of
nosK. The cells were cultured in LB media, and overexpression of the nosK gene was induced by
addition of IPTG. SDS-PAGE was used to analyze the overproduction of NosK (Figure 4.7).

Figure 4.7: SDS-PAGE showing expression of NosK
Figure 4.7 shows a clear increase in NosK production at 29 kDa following induction of
gene expression. While the increase in band intensity occurs slightly above the 30 kDa marker,
this offset may result from irregular migration of the molecular weight marker, which can be
seen by the tilting of the bands.
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Purification of NosK using Ni-NTA chromatography
NosK was purified aerobically using IMAC because it was not expected to be airsensitive, unlike the Fe/S cluster-containing proteins NosN and BlmOrf8. The histidine tag
appended genetically to the protein allowed for interaction with nickel ions immobilized on NiNTA resin, and elution of the protein was achieved using increasing concentrations of free
imidazole. SDS-PAGE (Figure 4.8) was used to analyze the purity of NosK throughout the
purification.

Figure 4.8: SDS-PAGE showing IMAC purification of NosK

The SDS-PAGE gel shows a distinct increase in the purity of NosK following affinity
chromatography. The low intensity of bands in the samples that eluted during the final fractions
of the low-imidazole wash step in the purification reflects the tight interaction between histidinetagged NosK and the affinity resin. In contrast, the majority of the protein contained in the highimidazole eluate sample is NosK. The increased intensity at 29 kDa in the eluate sample and the
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faintness of bands corresponding to contaminants of various sizes suggests that the protein has
been purified to >95% homogeneity.
Following concentration, UV-Visible spectroscopy was used to determine the
concentration of protein in the sample. The absorbance spectrum is shown in Figure 4.9.
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Figure 4.9: UV-Visible spectrum of NosK spanning wavelengths of 240 nm
to 700 nm.
An extinction coefficient of 28,579 M-1 cm-1 at 280 nm was generated using computer
software found on the ExPASy website. The absorbance at 280 nm was measured and divided by
the calculated extinction coefficient to calculate protein concentration. The concentration of the
final preparation of NosK was found to be 1582 μM.

Assays to Detect Activity of NosK and NosN
Assays with MIA, CoA, ATP, and NosK were conducted to analyze the acyltransferase
activity of NosK. Additionally, NosN holo Ai, SAM, and dithionite were added to three of the
reactions to assess the ability of NosN to form product in the presence of NosK, MIA, and
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various cofactors or co-substrates. The assays were analyzed using HPLC coupled mass
spectrometry with UV-Vis detection. The product formation is shown in Figure 4.10.

Figure 4.10: Product formation by NosK and NosN. A: Total ion chromatograms of 0 min
(black trace) and 30 min (red trace) for reaction with NosK, CoA, and MIA. Peaks correspond to (left
to right) tryptophan (std) and MIA. B: Total ion chromatograms of 30 min (black trace) and 30 min
(red trace) for reaction with NosK, CoA, MIA, NosN, dithionite, and SAM. Peaks correspond to (left
to right) 5’dA, 5-methylthioadenosine, tryptophan (std), and MIA.
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The assay with NosK, MIA, and CoA showed no formation of product or loss of
substrate after 30 min of incubation at 37 °C. However, upon addition of NosN holo Ai, SAM,
and dithionite, a clear reduction in MIA concentration and formation of 5’dA occurs. Notably,
MIA (1 mM) shows an almost 50% reduction in absorbance, which is proportional to the amount
of NosK added to the reaction (500 μM). Additionally, the formation of 5’dA indicates that
cleavage of SAM by NosN occurs, similar to the results of the assay testing for SAM cleavage
activity at the beginning of this chapter. While the loss of MIA and formation of 5’dA suggests
that a reaction occurred, no product was found via HPLC mass spectrometry, which scanned for
products in the range of 100 to 400 m/z. The absence of a product suggests key information about
the interaction of NosN and NosK in the nosiheptide biosynthetic pathway. As discussed in the
introduction, a 3-methyl-4-methylene-4H-indolelic acid product was detected in assays with
NosN, MIA, SAM, and dithionite. The results of the NosK-NosN coupled assay with CoA do not
match these findings, which indicates that a reaction did not occur by NosN alone, but rather
between the two enzymes, MIA, and the cofactors. Notably, no reaction occurred by NosK on
MIA with CoA in the absence of NosN, which suggests that the activity of these two enzymes is
linked. Because no product is detected by HPLC, it may remain bound to the enzyme at the end
of the reaction. Further studies with addition of base to cleave the bond between product and
enzyme could reveal more about the identity of the product formed in this reaction, as well as
further information about the mechanisms of NosK and NosN.

Conclusions
While assays to investigate the mechanism of BlmOrf8 and NosN have revealed some
insight into the activity of these enzymes, many questions about the chemistry of SAM cleavage
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by the proteins remain. Assays to detect the ability of BlmOrf8 to cleave SAM into SAH and
5’dA, products consistent with the mechanism of SAM cleavage by known RS enzymes, showed
the enzyme’s failure to cleave the cofactor in this manner. While interesting, these results shed
no insight into the mechanism of BlmOrf8’s catalysis of methylation. The results suggest two
possibilities: the inability of BlmOrf8 to cleave SAM in vitro in the presence of dithionite
without substrate or a novel mechanism of catalysis. The unavailability of the substrate for
BlmOrf8 hampers investigation into both of these explanations. Without the substrate, few
alterations can be made to assays investigating BlmOrf8 activity. The use of a different reducing
system, such as the flavodoxin reducing system used in vivo, may enhance BlmOrf8’s ability to
cleave SAM. Additionally, studies in vivo, particularly gene disruption methods used
successfully to elucidate the roles of enzymes in various biosynthetic pathways, could reveal
insights on the significance of and chemistry employed by the enzyme.
In contrast, the assays to detect the products of SAM cleavage showed distinct formation
of 5’dA by NosN. These assays suggest the ability of NosN to cleave SAM in vitro under
reducing conditions. Additional assays using d3-SAM showed ~20% enrichment of the 5’dA
radical. This suggests that the radical may abstract a hydrogen atom from a second SAM
molecule during methylation. However, the low percentage of enrichment also indicates that this
mechanism is not the dominant process of methylation.
To investigate the role of NosN in the nosiheptide biosynthetic pathways and the
mechanism of enzymatic activity, NosK was cloned, expressed, and produced. Assays with
NosN in the presence of NosK, MIA, and CoA revealed the interaction of the two enzymes in the
formation of an unidentified product. Notably, NosK was dependent on both CoA and NosN for
activity. Further investigation into the mechanism of NosN and NosK will reveal much about the
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mechanism of Class C enzymes and the particular role of NosN and NosK in the nosiheptide
biosynthetic pathway.
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