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ABSTRACT
Nosiheptide (NOS) is a highly modified thiopeptide natural product produced by Streptomyces
actuosus that belongs to a unique class of thiazole-containing peptide antibiotics. Recent studies
have shown that NOS is as an effective antibacterial agent against a number of pathogenic
bacteria, such as methicillin resistant Staphylococcus aureus, penicillin-resistant Streptococcus
pneumoniae, and vancomycin-resistant enterococci. One key structural feature of NOS is an
indolic acid ring system, characteristic of e series thiopeptides, which derives from the amino
acid tryptophan. In the first step of the proposed pathway, catalyzed by NosL, tryptophan is
converted into 3-methyl-2-indolic acid (MIA). The remaining steps and enzymes involved in the
formation and installation of MIA into the NOS core have not yet been definitively determined,
but are believed to be catalyzed by the sequential action of four enzymes: NosI, NosK, NosL and
NosN. The research herein investigates and elucidates the biosynthesis of the indole moiety
through analytical and spectroscopic methods.
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Chapter 1
Thiopeptides: A New Hope
Since the dawn of the antibiotic era, there has been an ongoing arms race between
pathogenic bacteria and humans. There have been reports of pathogenic bacteria developing
resistances to almost all clinically available antibiotics.1 It is estimated that antibiotic resistance
adds up to $20 billion a year in health care costs, as well as $35 billion a year in loss of
productivity.2 Several courses of action are being pursued to combat the progression of antibiotic
resistance. One is to increase research efforts in finding new compounds with antibacterial
properties by searching through the vast untapped library of natural products produced by
various organisms. One class of natural products, the thiopeptides, have garnered attention for
their particularly potent antimicrobial properties in vitro against Gram-positive bacteria, as well
as for the rich chemistry needed to biosynthesize these highly complex molecules.3
Thiopeptides are highly modified, macrocyclic, sulfur-containing compounds that are of
ribosomal origin. They primarily inhibit bacterial growth by inhibiting ribosomal protein
biosynthesis. The mechanism of protein biosynthesis inhibition is based on the ring size, 26, 29,
or 35-membered, of the macrocyclic core.4 26-Membered macrocycles binds to the GTPase
associated center of the 50S ribosome. This prevents elongation factor G (EF-G) from binding to
the ribosome.5 EF-G is responsible for facilitating the translocation of tRNA and mRNA.6
Therefore, by preventing EF-G from binding, thiopeptides stop protein biosynthesis by stalling
out the ribosome at the step after peptidyl transfer. Thiopeptides with a 29-membered
macrocycle inhibit protein biosynthesis by binding to elongation factor Tu (EF-Tu).5 EF-Tu is an
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elongation factor that facilitates the binding of the aminoacyl-tRNA onto the A site of the
ribosome.6 The 29-membered macrocycle thiopeptides inhibit protein biosynthesis by preventing
the next aminoacylated tRNA from entering the ribosome. For 35-membered thiopeptides, the
exact mechanism of bacterial protein biosynthesis inhibition is currently not well understood.5
Despite their having potent in vitro activity against pathogens, the thiopeptide natural products
have been plagued with solubility issues, preventing them from being used clinically.3 Research
has been dedicated to understand how these molecules are biosynthesized in hopes to engineer
more water-soluble analogues that could potentially be used clinically.
One of the most distinguishing structural features of thiopeptides is the central
heterocyclic domain. In fact, the thiopeptides are grouped into different classes based on the
oxidation state and structure of this central heterocycle.3 The a series thiopeptides contains a
completely reduced trisubstituted central piperdine ring. The b series thiopeptides have an
oxidized 1,2-dehydropiperidine macrocycle that is also trisubstituted. For the c series, only one
member has been identified thus far, and its central ring is the most unique among the classes. Its
central heterocycle core is a trisubstituted piperidine ring that fused to an imidazoline ring. The
d series have piperidine rings that are fully oxidized to a trisubstituted pyridine ring. The e series
thiopeptides also contain a pyridine ring, but also is tetrasubstituted, with the fourth appendage
being a hydroxyl group installed via a cytochrome P450-like tailoring enzyme. Other structural
features observed across the classes of thiopeptides include glycosyl, hydroxyl, and methyl
moieties, as well as dehydro amino acids and thiazole rings.5
In addition to the 26, 29, or 35-membered macrocyclic core, a number of thiopeptides
have an additional minor side ring containing indolic or quinaldic acid moieties. Thus far a, b,
and c series thiopeptides all contain a quinaldic acid moiety that is appended through a seryl
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residue, and the N-terminal amino group of the first amino acid in the thiopeptide. The e series
thiopeptides all contain the indolic acid moiety, which is appended through a cysteinyl and
glutamyl residues on the structural peptide.
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Biosynthesis of the Large Macrocyclic Core
Thiopeptides are natural products all originate from a ribosomally synthesized and posttransnationally modified peptides.7 The precursor peptide is encoded in the operon, and consists
of two regions, the N-terminal and C-terminal region. The N-terminal region is called the leader
peptide and is used as a recognition site for the binding of several of the enzymes that catalyze
formation of the various post-translational modifications. The function of the leader peptide is
illustrated in the crystal structure of NisB, a serine (Ser) and threonine (Thr) dehydratase, found
in the biosynthesis of nisin, a lantibiotic that is also a RiPP.8 The precursor peptide, NisA,
contains an FNLD motif that is conserved throughout most class I lantibiotics and is recognized
by NisB through of hydrophobic interactions and hydrogen bonding. However thiopeptides lack
the FNLD motif found in nisin. Instead the conserved feature in leader peptide domain of
thiopeptide precursors is the presence of many acidic amino acids, which suggests in thiopeptide
biosynthesis, the interactions between the enzymes and the leader peptide domain are primarily
ionic, rather than being mediated through hydrophobic or through hydrogen-bonding
interactions. The C-terminal region of the precursor peptide, called the core peptide, consists of
the amino acids that are post translationally modified to ultimately become the final product.
The main framework of thiopeptides all consists of thiazole rings, dehydrated
serines/threonines, and a central six-membered, nitrogen-containing ring. The enzymes
responsible for these modifications are all encoded in an operon with the precursor peptide, as
well as tailoring enzymes for hydroxylation, methylation, or incorporation of an indolic or
quinaldic acid minor ring.6 Through the work of Van der Donk, Mitchell, and their coworkers,
the order and requirements for the biosynthesis of the thiazole rings, dehydroalanines,
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dehydrobutyrines, and the central six-membered, nitrogen containing core of thiomuracin, a d
series thiopeptide, has been elucidated.9 Due to their findings, the biosynthesis of thiomuracin
can be used as a working model to unravel the biosynthesis of more complex thiopeptides, such
as nosiheptide or thiostrepton, which contain the indole and quinaldic acid moieties respectively.
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Figure 1.2 Thiomuracin thiazole formation catalyzed by TbtF, TbtG, and TbtE.
The first step reported in the in vitro biosynthesis of thiomuracin is the cyclodehydration
of the cysteines and their subsequent oxidation to form the thiazole rings. This transformation is
dependent on the three proteins TbtG, TbtF, and TbtE. TbtG is a member of the thizole/oxazolemodified microcin (TOMM) cyclodehydratase group. This group of enzymes are found in at
least 1,000 gene clusters, in which most are located in RiPPs operons.10 Cyclodehydration in
RiPPS requires two domains, either as a single polypeptide or two separate polypeptides. There
is the ATP-dependent YcaO domain, which performs the cyclodehydration in an ATP dependent
manner. The other domain is homologous to the E1 ubiquitin activating-like superfamily. Using
a TOMM cyclodehydratase from Bacillus sp. Al Hakam, BalC and BalD, as a model system, it
was discovered that the protein containing the ATP-utilizing YcaO domain, BalD, was
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responsible for cyclodehydration.10 The protein containing the latter domain, BalC homologous
to the E1 ubiquitin activating-like superfamily, was responsible for binding the leader peptide,
and mediates the interaction between the precursor peptide and BalD. Similar findings were
observed in thiomuracin. TbtG, the annotated cyclodehydratase, was only active when TbtF, an
ortholog of another binding protein HcaF, was present.11 Upon formation of the thiazoline rings
formed TbtE, an annotated dehydrogenase, catalyzes a 2 electron oxidation using flavin
mononucleotide (FMN) to form the thiazole rings.9
The next step in biosynthesis of the thiomuracin framework is the formation of
dehydroalanines from serine, and dehydrobutyrines from threonine. Similar modifications are
observed in the nisin biosynthesis, in which NisB, the dehydratase discussed earlier, dehydrates
Ser/Thr residues to dehydroalanines and dehydrobutrines.8 Surprisingly, the dehydration was
found require on glutamate and tRNA. It was believed that dehydration proceeded through a
glutamyl-tRNAGlu dependent mechanism, in which the glutamate is activated by glutamyl-tRNA
synthetase (GluRS), to generate the aminoacylate tRNA, which would be used in the subsequent
glutamylation of the target Ser/Thr residues. This step would then be followed by elimination of
the glutamate to give the final product. Interestingly, when purified GluRS was omitted from the
reaction, no dehydration was observed. This observation led to the conclusion that glutamyltRNAGlu is synthesized by GluRS, and not by NisB.
The previous studies, as well as the structure of NisB, allowed for the assignment of two
domains in NisB.8,12 It was noted that the alanine substitutions of residues that were crucial for
glutamylation of the Ser/Thr residues of NisA but had no effect on the ability to eliminate
glutamate in vitro, were all within a 10 Å radius clustered in the N-terminal region. As a result of
these observations, the N-terminus of NisB was assigned to be responsible for glutamylation. It
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was also noted that alanine substitutions of residues that were crucial for elimination of the
glutamate in vitro, but had no effect on glutamylation, were clustered at the C-terminus. Based of
these observations, it is believed that the C-terminal domain of NisB is responsible for
elimination of the glutamate, producing the dehydro-amino acids.
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Figure 1.3 Thiomuracin dehydro-amino acid formation catalyzed by TbtB, and TbtC.
Genome mining revealed that the thiopeptide operons contained many contain genes that
are orthologs to the two domains in NisB.8 The two orthologs in thiomuracin are TbtB and TbtC,
which are similar to the glutamylation and elimination domains respectively. When the hexazole
containing product of TbtEFG was incubated with tRNAGlu (CUC) from Thermobispora bispora
DSM 43833, TbtB, and Escherichia coli GluRS, the four serines of the hexazole intermediate
were observed to be glutamylated. Upon addition of TbtC, the glutamylated serines were
dehydrated. When the experiment was performed with the precursor peptide TbtA without the
thiazoles installed, no dehydration was observed. This solidified that cyclodehydration must
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occur before dehydration of the Ser/Thr residues in thiomuracin biosynthesis, and suggests that a
similar pathway would be observed in other thiopeptides.9
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Figure 1.4 Thiomuracin heterocycle formation catalyzed by TbtD.
After formation of the dehydroalanines and dehydrobutyrines, formation of the
macrocyclic core takes place concomitant with formation of the heterocycle, which is catalyzed
by TbtD. TbtD, a predicted diels-alderase, performs a [4+2] cycloaddition of two
dehydroalanines, with elimination of the leader peptide to form the central pyridine ring. When
TbtD was added to the product of TbtBC, indeed the leader peptide was eliminated, and a mass
corresponding to that of the macrocyclic core was observed.9 Interestingly, these diels-alderases
contain sequence homology to the C-terminal domain of NisB, suggesting that a similar
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structural fold is used both for the elimination of the leader peptide and for the elimination of
glutamate in the biosynthesis of dehydro-amino acids.8
An alternative strategy appears to be operative for generating the central heterocycle and
macrocycle in some other thiopeptides, such as thiostrepton. In that system, it is possible that the
heterocycle is formed similarly to that of thiomuracin via a [4+2] cycloaddition, but instead of
eliminating the leader peptide, a water molecule is instead. Once the heterocycle is formed, it is
reduced to form the dehydropiperdine ring. The leader peptide in thiostrepton biosynthesis is
removed during the biosynthesis of the quinaldic acid (QA) moiety. TsrI, a hydrolase, hydrolyzes
the peptide bond between the C-terminal amino acid of the leader peptide and the N-terminal
amino acid of the core peptide to remove the leader peptide. TrsI then facilitates the opening of
the epoxide quinaldic acid intermediate with the nascent N-terminal amino group, closing the
minor macrocyclic core.13

The Radical SAM Superfamily
One of the major driving forces for studying the biosynthesis of thiopeptides is due to the

rich and unique chemistry that is used during the maturation of these natural products. One of the
most enigmatic of these modifications observed in the biosynthesis of thiopeptides is the
methylation of unactivated sp2-hybridized carbon centers. The enzymes that are responsible for
these modifications are members of the radical S-adenosyl-ʟ-methionine (RS) superfamily, in
which there are almost at least 114,000 unique sequences of enzymes that catalyze a diverse set
of reactions.14-15 The conserved feature of enzymes in this family is the presence of a CxxxCxxC
motif, in which the three cysteines coordinate to three iron ions of a [4Fe-4S] cluster. The cluster
is used to transfer an electron into the sulfur atom of a S-adenosyl-ʟ-methionine (SAM) molecule
that binds to the fourth, unique, iron ion of the cluster, which induces a reductive cleavage of
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SAM to generate methionine, and a powerful 5′-deoxadenoysl 5′-radical (5′dA•). The 5′dA•
serves as a powerful oxidant that initiates radical-dependent catalysis by abstracting a target
hydrogen atom from the substrate. Although the 5′dA• is a common intermediate in almost all
enzymes within the RS superfamily, the reactions that are catalyzed are highly diverse.

Figure 1.5 Bidendate coordination of SAM to the lone Fe of the [4Fe-4S] Cluster16
The methylases constitute a particularly interesting subgroup of the RS superfamily, and
many of these enzymes use SAM both as a source of a radical and as a source of the appended
methyl moiety. Traditionally, methyl transfer from SAM occurs through an SN2 mechanism, as
the sulfonium renders the methyl group electrophilic. However, this strategy limits methylation
only to nucleophilic atoms. RS methylases represent Nature’s strategy of transferring methyl
groups to unactivated carbon centers. RS methylases are classified into four groups, A, B, C, and
D, based on structural homology, cofactor requirement and proposed mechanism.15, 17
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Figure 1.6 Classes of the Radical SAM methylases and some of their representative reactions.15
RlmN and Cfr are two class A RS methylases, which methylate the C2 and C8 position,
of adenosine 2503 (A2503) in bacterial ribosomal RNA (rRNA).18 The reaction catalyzed by Cfr
has gained much attention, because methylation of A2503 confers antibiotic resistance to at least
5 classes of antibiotics, which include phenicols, lincosamides, oxazolidinones, pleuromutilins,
and streptogramin A.19 Due to C2 and C8 residing next to amidine functional groups, formal
resonance structures show that these carbons are electrophilic, indicating that methylation
through a polar SN2 mechanism is unlikely.20 Moreover, the C2 and C8 protons have pKa values
that are too elevated for their removal in a biological context. Initial biochemical studies revealed

SAM is used as the source of the apended methyl moiety as well as the 5′dA• in RlmN and Cfr.
The finding that only one binding site exists for SAM implied a ping-pong mechanism with
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respect to this substrate..21 In the working mechanism for RlmN catalysis, one molecule of SAM
first transfers a methyl group to a conserved cysteine residue (Cys 355) through a traditional SN2
mechanism. Upon dissociation of S-adeonsylhomocysteine (SAH), another molecule of SAM
binds in the same site, but is reductively cleaved to afford a 5′dA•. In the majority of RS
reactions, the 5′dA• abstracts a hydrogen atom from a noncovalently bound substrate. However,
in the RlmN and Cfr reactions, this strategy would pose a problem. Although the 5’dA• is an
incredibly powerful oxidant, it is not powerful enough to abstract a hydrogen atom from an sp2hybridized carbon center.21 Instead, the 5′dA• abstracts a hydrogen atom from the
methylcysteinyl residue formed in the first step of the reaction. This strategy is more favorable,
because the nascent carbon-centered radical is stabilized by the sulfur atom of the cysteine.22 The
methylenecysteinyl radical then adds to either the C2 position of the substrate to form a covalent
cross link intermediate containing an unpaired electron on N3 of the adenine base. This crosslink intermediate is then resolved upon deprotonation at C2, which leads to a radical
fragmentation to afford an enamine and a thiyl radical. Catalysis is completed upon
tautomerization of the enamine to the methyl group and reduction of the thiyl radical to the
thiolate.
Support for a similar mechanism in the Cfr-catalyzed reaction has also been provided. In
fact, the cross-link intermediate is present in the steady-state of the reaction and can be observed
and characterized by electron paramagnetic resonance (EPR) spectroscopy and other related
pulsed EPR techniques.23 In the RlmN-catalyzed reaction, the cognate radical is not observed,
suggesting that its rate of formation is slower than its rate of decay. However, a variant of RlmN,
C118S, which eliminates the base that removes the C2 proton, promotes stabilization of the
cross-link intermediate, allowing the radical to be observed by EPR in this system as well.24
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Class B RS methylases are distinct in two ways from the other RS methylases. First, in
addition to the to the conical [4Fe-4S] cluster, Class B radical SAM methylases also contain a
cobalamin binding domain. Second, they are able to methylate a more diverse set of substrates
than the other classes of RS methylases. Class A, C, and D, methylate only sp2-hybridized
carbon centers, while Class B enzymes can methylate sp2- and sp3- hybridized carbon centers as
well as phosphinate phosphorous atoms.25 Studies of Class B RS methylases have lagged behind
those of Class A enzymes, however, because they often suffer from poor solubility upon
overproduction..26 Although how these enzymes perform their respective methylations is
currently unclear, it appears that methylcobalamin is a common intermediate.15 One current
working hypothesis is that one molecule of SAM transfers a methyl group to cob(I)alamin—a
super nucleophile—to yield methylcobalamin, while a second molecule of SAM is used to
generate a 5′-dA•. The 5′-dA• then abstracts a hydrogen atom from a target sp3-hybridized
carbon center of the substrate, and the resulting substrate attacks the methyl moiety of
methylcobalamin, yielding the methyl-containing product and cob(II)alamin. The reaction is
completed upon reduction of cob(II)alamin to cob(I)alamin by an external reductant. Consistent
with this mechanism, stoichiometric formation of SAH, 5′-dA, and methyl-containing product
has been reported for GenK.27
Recent studies on TsrM have shown that it does not cleave SAM to generate a 5′-dA•,
and raises the question, are other enzymes like TsrM in this class?28-29 TsrM catalyzes the
methylation of tryptophan at the C2 methylation of the indole ring of tryptophan during the
biosynthesis of the thiopeptide thiostrepton. Spectroscopic studies of TsrM showed that the
enzyme indeed binds both a [4Fe-4S] cluster and cobalamin. However, HYSCORE spectroscopy
showed that SAM does not bind to the cluster in the bidendate manner seen in other
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characterized RS enzymes. A reaction performed with a TsrM variant that had the cysteines
responsible for coordinating the iron-sulfur (Fe/S) cluster mutated still yielded the production of
SAH.28 Analysis of the cobalamin cofactor by EPR shows that upon addition of SAM to TsrM,
the spectrum changes dramatically. Based off these experiments, it has been suggested that SAM
binding triggers the reduction of cob(II)alamin to cob(I)alamin, a supernucleophile that could
nucleophilically attack the methyl group of SAM to form methylcobalamin and that formation of
methylcobalamin is not dependent on the integrity Fe/S cluster.29 Moreover, recent studies
suggest that TsrM is an outlier with the RS superfamily, catalyzing its reaction through a polar
mechanism rather then through a radical mechanism.
Class C radical SAM methylases are unique in that they share sequence homology within
the C-terminal domain of HemN, and also shares a number of conserved residues within HemN’s
N-terminal domain.15 HemN is not a methylase, but rather is an RS oxygen-independent
coproporphyrinogen III oxidase. The x-ray crystal structure of HemN suggests that its C-terminal
domain functions as a cap for substrate binding.30 The crystal structure also showed two
molecules of SAM that were simultaneously bound to the enzyme in two distinct binding sites.
From this observation, it is believed that Class C RS methylases are distinct, in that they bind
two SAM molecules simultaneously, rather then using two SAM molecules in a ping-pong-like
fashion as is seen in the reactions catalyzed by Class A enzymes.15 Given that class C RS
methylases only methylate sp2-hybridized carbon centers, it is believed that they work by using
one equivalent of SAM is to form a 5′dA•, which then abstracts a hydrogen atom from the
methyl group of the second equivalent of SAM. The resulting methylene radical then undergoes
addition onto the carbon undergoing methylation, similarly to the reactions catalyzed by RlmN
and Cfr.26
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Class D radical SAM methylases are a relatively unexplored.17 The first example,
MJ0619, is believed to be involved in the biosynthesis of methanopterin, a key coenzyme used in
methane metabolism. Initial studies predict that the substrate for MJ0619 is 6-hydroxymethyldihydropterin and that this enzyme catalyzes methylation of the C7 and C9 positions of the
substrate. Class D RS methylases appear to have a radical SAM domain. Recent studies directed
at mutating the two radical SAM clusters in MJ0619 showed that C7 methylation must precede
C9. Furthermore, it is predicted that the C7 methyl group derives from N5, N10
methylenetetrahydrofolate based off the deuterium enrichment into the product when E. coli
cultured with [2H3]-acetate.17 Like that of class C radical SAM methylases, little has been
published on the mechanism of MJ0619.

Nosiheptide
Nosiheptide (NOS) is an e series thiopeptide that is produced by Streptomyces actuosus
and a few other organisms.31 Having a 26-membered large macrocyclic core, it targets the
GTPase-associated region of the ribosome/L11 protein complex and prevents protein translation
by blocking EF-G from binding.32 In the last few years, it been shown that NOS does not only
have potent antimicrobial activity versus methicillin-resistant Staphylococcus aureus, but is also
non-cytotoxic against mammalian cells.33 As with many other thiopeptides, NOS is a promising
compound that could be used to combat MRSA, and other pathogens that are developing
antibiotic resistance. In addition, studies of its biosynthesis provide a unique opportunity to learn
new strategies by which Nature synthesizes complex products and new mechanisms of unusual
reactions. Unfortunately, its clinical use in humans has been limited as NOS, like other
thiopeptides, has solubility issues. Thus far, it has been limited to use as a feed additive for
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animal growth.34 By elucidating the biosynthesis of NOS, a more soluble analogue could be
engineered to make it more pharmacologically relevant.
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Figure 1.7 Structure of NOS with the indole moiety highlighted in red.
Although the total chemical synthesis of NOS has been achieved, a complete
understanding of its biosynthesis of NOS has yet to be elucidated.35 In 2009, Liu and his
coworkers identified the genes responsible for the biosynthesis of NOS. The gene nosM encodes
a 50 amino acid ribosomally synthesized precursor peptide that under goes extensive posttranslational and tailoring modifications to produce NOS.36 The framework genes nosDEFGHO
are believed to install the thiazole, dehydro amino acids, and central pyridine ring. NosGH are
homologs of TbtGF respectively, and are believed to form the intermediate thiazoline rings.
NosF, a homolog of TbtE, would then oxidize the nascent thiazolines to form the thiazole rings.
NosE is a homolog of the N-terminal domain of NisB, and is believed to append glutamyl
moieties to the side chains of specific serine and threonine residues. NosD, a homolog of the C-
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terminal domain of NisB, would then finish the formation of the dehydro-amino acids by
eliminating the glutamates. NosO, which shares 30% sequence homology to the diels-alderase
TbtD in thiomuracin biosynthesis, presumably catalyzes the formation of the pyridine ring in
NOS and the macrocycle.

Figure 1.8 The NOS gene cluster with the predicted function of each gene.
NosA, B, and C are tailoring enzymes that complete the maturation of NOS. NosA has
been shown to catalyze the formation of the C-terminal amide of NOS, while NosB and C are
annotated as cytochrome P450 like enzymes.37-38 NosB hydroxylates the γ-carbon of Glu43
NosM and NosC hydroxylates C3 of the nitrogen containing heterocycle. Finally, NosIKLN
were believed to catalyze the formation of the indole moiety and its installation into NOS by a
pathway proposed by Wen Liu and his coworkers.36
It has been well established that NosL, a RS enzyme, catalyzes the conversion of ʟtryptophan (trp) to 3-methyl-2-indolic acid (MIA).39 It was then suggested that MIA would be
converted to an adenosine monophosphate (AMP) or coenzyme A (CoA) derivative by an
undesignated enzyme, in which two of the following events could occur. In one pathway, NosN,
a class C RS methylase, methylates the C4 position of MIA to yield the 3,4-dimethyl indolic acid
(DMIA) derivative and NosK, annotated as a α/β fold hydrolase/acyltransferase family,
transfers DMIA to Cys45 of the thiopeptide framework. Once transferred, the C4 methyl group
was proposed to be hydroxylated (by NosB or NosC) and NosI, annotated as an AMP dependent
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acyl-CoA ligase, forms the ester linkage between with the C4 hydroxymethyl group and Glu 43.
The second proposed suggests that NosN methylates MIA after—rather than before—NosK has
transferred MIA to its target the cysteinyl residue.

Figure 1.7 Scheme proposed by Liu and coworkers for the biosynthesis of the NOS indole
moiety.36
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Project Objectives
The broad objective of this project was to elucidate the biosynthesis of NOS with a

particular focus on understanding how NosN methylates a unactivated sp2-hybridized carbon
center. The following specific objectives address the overall objective of this project.
1. The first objective of the project was to understand the biosynthesis of the indole
moiety, which occurs parallel to the biosynthesis of the NOS framework.
2. The second objective was to determine the biosynthetic timing of the formation of the
indole moiety and to study the mechanism of NosN’s reaction.
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Chapter 2
Rerouting the Biosynthetic Pathway of the Indole Moiety
Introduction
Nosiheptide (NOS) is an e series thiopeptide natural product with antibacterial
properties.31 One of its distinguishing features is the indole moiety, which is believed to be
biosynthesized through the sequential action of NosI, NosK, NosL, NosN, an undesignated
enzyme, and a cytochrome P450-like enzyme.36 It is well established that NosL catalyzes the
initial step in the pathway, which is a radical-dependent conversion of ʟ-tryptophan (trp) to 3methyl-2-indolic acid (MIA).39 MIA was then suggested to be converted to its adenosine
monophosphate (AMP) or coenzyme A (CoA) derivative by an undesignated enzyme, after
which, NosN appends a methyl group to C4 of MIA to yield the 3,4-dimethyl-2-indolic acid
(DMIA) derivative. NosK, annotated as a member of the α/β-fold hydrolase family, was
predicted to attach DMIA to the appropriate cysteinyl residue of the thiopeptide framework, and
an undesignated protein (most likely NosB or NosC) was predicted to hydroxylate C4 of DMIA.
Lastly, NosI, annotated as an AMP-dependent acyl-CoA synthetase/ligase, was predicted to
activate the glutamyl residue in the structural peptide by adenylation and catalyze the last step in
formation of the minor macrocycle by facilitating attack of the C4 hydroxyl group onto the
activated glutamyl residue to generate the ester linkage.
Though the postulated pathway for NOS biosynthesis is enticing, certain issues stand out.
For example, only two cytochrome P450 enzymes are encoded in the nos operon (NosB and
NosC) and both have assigned functions.38 Therefore, no reasonable candidates to hydroxylate
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C4 of DMIA are encoded in the nos operon. Moreover, although Floss and his colleagues
showed that DMIA—administered externally to growing S. actuosus—was incorporated into
intact NOS, C4-hydroxymethyl-MIA was not. 40
A new hypothesis for the indole moiety is thus proposed. The pathway begins with the
well established first step, the conversion of trp to MIA via NosL.39 Then, instead of NosI
catalyzing the condensation of Glu8 and the C4 hydroxymethyl of the indole moiety, NosI
catalyzes the adenosine triphosphate (ATP) dependent activation of MIA to its acyl carrier
protein (ACP), AMP, or CoA derivative. NosK would then transfer MIA to the specific cysteinyl
residue of the core peptide. This would produce the product for NosN, in which it catalyzes the
formation of an exocyclic methylene, and complete the cyclization of the side ring of NOS by
facilitating the nucleophilic attack of the glutamate onto the recently formed methylene. This
proposed exocyclic methylene intermediate avoids the use of a cytochrome P450-like enzyme, as
well as an additional ATP dependent step.
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Bioinformatic analyses of the NOS and nocathiacin I (NOC) operons provides some
initial evidence for this proposed pathway. As already stated, NosI is an AMP dependent ligase
and is a likely candidate for the activation and transfer of MIA to its AMP, CoA, or ACP
derivative. Although no ACP was annotated by Wen Liu and his coworkers, a gene, nosJ was not
attributed a function and stood out as a likely candidate. The gene encodes for a 79 amino acid
protein and a molecular mass (Mr) of 8849 Da. This is strikingly similar in size when compared
to other ACPs, such as the E. coli ACP, AcpP.41-42 AcpP is composed of 78 amino acids and has
a molecular mass of 8640 Da. Additionally, AcpP is post-translationally modified at Ser37 with a
4’phosphopantetheine group (Figure 2.2), which ends in a thiol functional group and is used as
an activated small molecule carrier.
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Figure 2.2 Structure of 4’phosphopantetheine, a prosthetic group crucial for acyl carrier protein
function.
Ser37 of AcpP is a part of a DSL motif, commonly found in ACPs, and is present in the
sequence of NosJ.43 Further evidence for NosJ functioning as an ACP is apparent when
comparing the noc operon with the nos operon. NOC is another member of the e series
thiopeptides. It contains the genes to biosynthesize and installs the indole moiety side ring. The
similarity of the noc and nos genes is displayed when Wen Liu and coworkers knocked out
certain nos genes.44 As expected, NOS production was stopped, but when the homologous noc
genes were introduced, NOS production was reintroduced. Surprisingly, there is no
corresponding nosJ gene, instead the protein homologous to NosJ is the found at the C-terminal
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end of NocK, the NosK homolog. In simple terms, NocK appears to be the equivalent of a fusion
between NosK and NosJ. This suggests that the function of NosJ and NosK could be related.
Since NosK is annotated as member of the α/β-fold hydrolase family, it would be a likely
candidate to hydrolyze the acyl group off the carrier, possibly NosJ, and transfer it to the NOS
framework.
To assess whether this hypothesis is correct or not, the genes nosI and nosJ, were
heterologously expressed in E. coli and their gene products purified using classic biochemical
techniques. NosI was initially purified using an N-terminal hexahistidine (His6) tag and
immobilized metal affinity chromatography. NosJ was express natively and was purified using
anion exchange chromatography. Monitoring the reactions by HPLC and mass spec allowed the
tracking of different forms of the proteins, as well as tracking the MIA acyl group through its
free form and protein derivatives.

Strategy of Expression and Purification of nosIJ
For overexpression and purification of the NOS proteins, the genes were cloned into a
pET expression vector. These vectors are engineered to exploit the T7 expression system
engineered into E. coli to overexpress the gene of interest encoded with a N- terminal His6 tag,
C- terminal His6 tag, or no tag. This tag contains 6 tandem histidines that allows for the isolation
of the protein of interest by immobilized metal affinity chromatography. In addition to the T7
expression system, the pET plasmid also contains a lacI gene encoding for the lac repressor, a T7
promoter specific to T7 RNA polymerase, a lac operator that blocks transcription, a polylinker
site containing a multitude of restriction sites for cloning, a gene for kanamycin resistance, and a
ColE1 origin of replication.45
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The host cell, E. coli BL21 DE3, is a common host for expression of genes. This strain of
E. coli is deficient in the Lon protease and OmpT protease. This deficiency prevents any
undesirable degradation of the protein during expression and purification. The strain also
contains the λDE3 lysogen, which carries the gene for T7 RNA polymerase that is controlled
under the lacUV5 promoter. This means IPTG is required to induce the expression of T7 RNA
polymerase, and express the recombinant genes downstream of the T7 promoter. IPTG also
induces expression of the protein by binding to the lac repressor of the lacI gene site on the pET
vector.46

Materials
All DNA-modifying enzymes and reagents used were purchased from New England
Biolabs. DNA isolation kits were purchased from Machery-Nagel. The nosI, and nosJ genes,
optimized for expression in E. coli, were purchased from ThermoFisher Scientific. PfuTurbo
DNA polymerase AD was purchased from Agilent Technologies Inc. Sequencing grade trypsin
was purchased from Promega Corporation. Primers were purchased from Integrated DNA
Technologies. Deoxynucleotides were purchased from Denville Scientific Corporation. The
expression vectors, pET-26b and pET-28a, were purchased from EMD Millipore.

N-(2-

hydroxyethyl)piperizine-N’-(2-ethanesulfonic acid) (HEPES) was purchased from Fisher
Scientific. Imidazole, trifluoroacetic acid (TFA), and 2-(N-morpholino)ethanesulfonic acid
hydrate (MES) were purchased from J. T. Baker Chemical Co. Potassium chloride and glycerol
were purchased from EMD Chemicals. 2-Mercaptoethanol and phenylmethanesulfonyl fluoride
(PMSF) were purchased from Sigma–Aldrich. Isopropyl β-D-1-thiogalactopyranoside (IPTG)
and dithiothreitol (DTT) were purchased from Gold Biotechnology. ATP (disodium salt) and
coenzyme A (trilithium salt) were purchased from Calbiochem. 3-Methyl indolic acid (MIA) was
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purchased from Matrix Scientific. Talon metal affinity resin was acquired from Clontech
Laboratories Inc., and DE-52 anion-exchange resin was from GE Lifesciences. All other
chemicals and materials were of the highest grade available.

General Methods
DNA sequencing was carried out at the Pennsylvania State University Genomic Core
facility. UV-visible spectra were recorded on a Cary 50 spectrometer from Varian (Walnut Creek,
CA) using the WinUV software package to direct the instrument and manipulate the data. Highperformance liquid chromatography (HPLC) was conducted on an Agilent 1100 Series system
coupled with an Agilent 1100 Series variable wavelength detector and quaternary pump.
Polymerase chain reactions (PCR) were performed using a robocylcer gradient 40 thermal cycler
from Stratagene.
Cloning of the nosI gene into pET-28a
The gene encoding nosI was codon-optimized for expression in E. coli and was delivered
as a construct in plasmid pMK-RQ. The gene contained two restriction sites, NdeI (5′ end) and
EcoRI (3′ end), and was cloned into the same restriction sites of a pET-28a vector. The nosI gene
was expressed as a fusion protein with an N-terminal hexahistidine (His6) tag. The codonoptimized gene sequence of nosI, with the NdeI and EcoRI restriction sites indicated in bold
type, is provided in Supporting Information of Badding et al.47
Cloning of the nosJ gene into pET-26b
The gene encoding nosJ was codon-optimized for expression in E. coli and was delivered
as a construct in plasmid pMA-T. The gene contained two restriction sites, NdeI (5′ end) and
EcoRI (3′ end), with a stop codon just before the EcoRI site. The gene was excised by digestion
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with NdeI and EcoRI and cloned into a pET-26b vector that was digested with the same two
enzymes. The codon-optimized gene sequence of nosJ, with the NdeI and EcoRI restriction sites
indicated in bold type, is provided in Supporting Information of Badding et al.47
Overproduction and purification of NosI
E. coli BL-21 (DE3) was transformed with plasmids encoding WT NosI. An LB media
starter culture was inoculated with a single colony and incubated overnight (250 rpm at 37 °C).
Several shake flasks of LB media were then inoculated with the overnight starter culture to
initiate growth (180 rpm at 37 °C). Gene expression was induced with 0.5 mM IPTG at an OD600
of ~0.6, and the flasks were subsequently placed in an ice bath for 1 h. Once cooled, the cultures
were incubated overnight (approximately 18 h) at 18 °C with shaking at 180 rpm. The cells were
harvested (~30 g), flash frozen in liquid nitrogen, and stored -80 °C.
For purification, 30 g of cell paste was resuspended in 150 mL of lysis buffer (50 mM
HEPES, pH 7.5, 300 mM KCl, 10% glycerol, 5 mM ATP and 10 mM BME) containing PMSF (1
mM), DNase1 (100 µg mL-1), and lysozyme (1 mg mL-1). Once the cells were resuspended, they
were placed in an ice-bath and subjected to 6 sonication bursts (40% output) of 45 s with 8-min
pauses between bursts to allow the temperature to re-equilibrate. The lysate was then centrifuged
for 1 h at 50,000 × g at 4 °C. The resulting supernatant was loaded onto a Talon cobalt resin
column already equilibrated with 100 mL of lysis buffer. The loaded column was washed twice
with 100 mL of lysis buffer before eluting it with 50 mL of elution buffer (50 mM HEPES, pH
7.5, 300 mM KCl, 250 mM imidazole, 10% glycerol, 1 mM ATP and 10 mM BME). Two 20 mL
fractions were concentrated using an Amicon Ultra centrifugal filter unit (Millipore; Billerica,
MA) with a 10-kDa molecular weight cutoff membrane. The protein was purified further by
passing it over a 16/60 S-200 column equilibrated in 300 mM KCl, 50 mM HEPES, pH 7.5, 1
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mM ATP, 1 mM DTT, and 20% glycerol. The protein was then concentrated in the same manner
as described above. The concentration of protein was estimated by the Bradford assay.48 The
protein was flash frozen in microcentrifuge tubes and stored at -80°C. The total yield is ~15 mg
from 30 g of frozen cell paste.
Overproduction and purification of NosJ
E. coli BL-21 (DE3) was transformed with plasmids encoding WT NosJ. An LB media
starter culture was then inoculated with a single colony and incubated overnight with shaking
(250 rpm) at 37 °C. Several 6 L shake flasks of LB media were then inoculated with the
overnight starter culture and agitated at 180 rpm and 37 °C. Gene expression was induced with 1
mM IPTG at an O.D600 of ~0.6, and the flasks were subsequently placed in an ice bath for 1 h.
Once cooled, the cultures were incubated overnight (approximately 18 h) at 18 °C with shaking
(180 rpm). The cells were harvested (~30 g), flash frozen in liquid nitrogen, and stored in a
liquid nitrogen dewar until purification.
For purification, 30 g of cell paste was resuspended in 150 mL of lysis buffer (50 mM
Tris–HCl, pH 8.4) containing DNase1 (100 µg mL-1) and lysozyme (1 mg mL-1). Once
resuspended, the mixture was placed in an ice bath and sonicated (40% output) for 45 s with 7
min pauses between bursts, for a total sonication time of 6 min. The lysate was then centrifuged
at 35,000 × g for 1 h at 4 °C. The final supernatant was then diluted with 1 volume of 50 mM
MES, pH 6.1, and then loaded onto a DE-52 anion-exchange column equilibrated in 50 mM
MES buffer, pH 6.1. Once loaded, the column was washed with 1 L of 50 mM MES, pH 6.1, and
the protein was eluted with a linear 1 L gradient of 0 to 0.50 M KCl in 50 mM MES, pH 6.1.
Fractions were analyzed by sodium dodecylsulfate–polyacrylamide gel electrophoresis (SDS–
PAGE), and those containing significant amounts of NosJ (350 mL total volume) were pooled
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and concentrated in an Amicon stirred cell with a 3-kDa molecular weight cutoff membrane. The
concentrated protein was further purified on a HiPrep 26/60 S-200 column equilibrated in 25
mM HEPES, pH 7.5, 10% glycerol, and 300 mM KCl. The protein was concentrated using an
ultracentrifugal filter, flash frozen in liquid nitrogen, and stored in a liquid nitrogen dewar. The
final concentration was determined using an extinction coefficient of 12,490 L mol-1cm-1mol at
280 nm, which was determined from the sequence of NosJ using the ProtParam tool from the
ExPASy Proteomics Resource Portal (http://web.expasy.org/protparam/). The final yield was ~60
mg from 30 g of cell paste.
NosI activity determinations
Reaction mixtures contained 25 mM HEPES, pH 7.5, 1 mM ATP, 1 mM MIA and varying
concentrations of NosI (2, 4, and 8 µM), and were performed in triplicate. All reaction
components except MIA were mixed and then equilibrated in an ice–water bath in which the
reactions were conducted. Reactions were initiated by the addition of MIA, and at designated
times, 10 µL aliquots were removed and added to 10 mL of a solution containing 100 µM
tryptophan (internal standard) and 50 mM H2SO4 to quench the reaction. Products were then
analyzed by HPLC with detection by mass spectrometry (LC-MS).
LC-MS method of NosI activity determination assay
HPLC with detection by positive-mode electrospray-ionization (ESI+) mass spectrometry
was conducted on an Agilent Technologies 1260 system coupled to an Agilent Technologies
6460 triple-quad mass spectrometer. The associated MassHunter software package was used to
operate the system and to collect and analyze the data. Each quenched reaction was injected onto
an Agilent Technologies Zorbax Rapid Resolution XBD-C18 column (4.6 mm × 50 mm, 1.8 µM
particle size). The column was first equilibrated in 95% solvent A (0.1% formic acid) and 5%
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solvent B (100% acetonitrile). From 0 to 2 min, a linear gradient from 5% to 60% solvent B was
applied. From 2 to 2.5 min, the gradient was increased linearly from 60% to 100% solvent B.
From 2.5 to 4.5 min the gradient was decreased linearly to 5% solvent B and was then held
constant for an additional 5 min. A constant flow rate of 0.7 ml/min was used throughout the
method. MIA-AMP and tryptophan were detected using the single-ion monitoring (SIM) mode.
The set fragmentor voltages for MIA-AMP and for tryptophan were 135 V and 130 V,
respectively.
Analysis of the reaction containing NosI and NosJ
The basic reaction mixture consisted of 25 mM HEPES, pH 7.5, 1 mM CoA, and 400 µM
NosJ in a total volume of 40 µL. For formation of holo NosJ, 36.7 µM Ec holo ACP synthase—
prepared as previously described49-50—was included. For formation of MIA-holo NosJ, 20 µM
NosI, 2 mM ATP, 2 mM MIA, 100 mM MgCl2 and 36.7 µM Ec holo ACP synthase was included.
Control reactions had either ATP, MIA, or NosI omitted. Assays were quenched with 0.2% TFA,
pH 2.4, after 2 h at room temperature, and then analyzed by HPLC.
Samples were analyzed using the Agilent 1100 series HPLC ChemStation software. A
Zorbax 300 stable bond C18 5 µm 4.6 mm × 250 mm column was used with three different
solvents at a flow rate of 1.3 mL/min: solvent A, 0.2% TFA, pH 2.4; solvent B, acetonitrile; and
solvent C, methanol. The column was equilibrated in 5% solvent B and 95% solvent A, which
was maintained for 30 s after injection. From 30 s to 4 min, solvents B and C were increased to
39% and 9%, respectively. From 4 min to 12 min, solvent C was increased to 11.8%, while
solvent B was held constant at 39%. From 12 min to 22 min, solvent C was increased to 50%,
while solvent B was held constant at 39%. From 22 to 25 min, solvents B and C were held
constant at 39% and 50%, respectively. From 25 to 27 min, solvent B was increased to 100%.
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From 27 to 28 min, solvent B was held constant at 100%. From 28 to 29.5 min, solvent B was
decreased to 5%. From 29.5 to 32 min, solvent B was held constant at 5%.
MS analysis of NosI and NosJ
The complete reaction contained the following in a final volume of 400 µL: 300 µM
NosJ, 18 µM holo ACP synthase, 25 µM NosI, 300 µM NosK, 25 mM HEPES, pH 7.5, 500 µM
CoA, 1 mM ATP, 1 mM MIA and 100 mM MgCl2. For some reactions, various components of
the complete reaction mixture were omitted as indicated in the text for Figure 2.5. The reaction
corresponding to panel 1 contained 300 µM NosJ, 25 mM HEPES, pH 7.5, 400 µM CoA, and
100 mM MgCl2. The reaction corresponding to panel 2 contained 300 µM NosJ, 25 mM HEPES,
pH 7.5, 1 mM CoA, 100 mM MgCl2, and 18 µM Ec holo ACP synthase. The reaction
corresponding to panel 3 contained 300 µM NosJ, 20 µM NosI, 25 mM HEPES, pH 7.5, 500 µM
CoA, 100 mM MgCl2, 1 mM ATP, 1 mM MIA and 18 µM Ec holo ACP synthase. The reactions
were incubated at room temperature for at least an hour before being frozen and stored at -80 °C
until ready for analysis.
MS analysis was performed on a Waters Q-TOF Premier quadrupole/time-of-flight (TOF)
mass spectrometer (Waters Corporation, Micromass Ltd., Manchester, UK). Operation of the
mass

spectrometer

was

performed

using

MassLynx™

software

Version

4.1

(http://www.waters.com). Samples were introduced into the mass spectrometer using a Waters
2695 HPLC system. Separation was performed by gradient elution on a Thermo BioBasic C4, 50
× 2.1 mm HPLC column. The mobile phases used were 0.1% formic acid in deionized water
(solvent A), and 0.1% formic acid in acetonitrile (solvent B) at a flow rate of 0.2 mL/min. The
column was equilibrated in 2% solvent B, which was held constant for 1 min after sample (15
µL) injection. From 1.0 to 2.0 min, a linear gradient from 2% to 95% solvent B was applied,
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which was held constant at 95% solvent B from 2.0 to 15.0 min. From 15.0 to 15.1 min, a linear
gradient from 95% to 2% solvent B was applied, which was held constant at 2% solvent B from
15.1 to 20.0 min. Data acquisition was performed during the first 15 min of the run, while the
final 5 min was used for column re-equilibration. The nitrogen drying gas temperature was set to
300 °C at a flow rate of 6 L/min. The capillary voltage was 2.8 kV. The mass spectrometer was
set to scan from 500-2500 m/z in positive ion mode, using electrospray ionization.

Results and Discussion
Cloning of NosJ
The plasmid originally containing the nosJ gene and the pET-26b vector encoded two
restriction sites, NdeI and EcoRI. Digestion of both plasmids resulted in the digested pET-26b
vector (5.2 kb) and the digested nosJ gene (240 bp). The corresponding bands were excised from
a 1% agarose gel. The excised bands were ligated using T4 DNA ligase, and E. coli DH5(α)
cells, a strain with high transformation efficiency, were transformed to contain the resulting con-
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Figure 2.3 Digestion of NosJ and pET-26b

32

struct. Due to the pET vector system conferring kanamycin resistance, colonies were selected on
an LB agar medium containing kanamycin, grown, and had their DNA isolated to send for
sequencing to confirm the presence of the gene.
Expression and purification of NosJ
The pET-26b vector encodes for a C-terminal His6 tag. A stop codon was inserted after
the last codon of the gene nosJ, so that it could be expressed natively. Since this NosJ construct
did not have a His6 tag, it was purified to ~95% purity after purification by anion-exchange
chromatography using DE-52 resin and gel-filtration chromatography using a Sephacryl S-200
HR 26/60 pre-packed column. Figure 2.4 shows an SDS-page electrophoresis gel used to analyze
purity of the protein. Lane 8 shows the NosJ, ~ 9 kDa, after pooling together the fractions from
the gel-filtration column.

Figure 2.4 Purification of NosJ. Lanes 1 and 6, molecular mass markers (kDa); lane 2, crude
extract; lane 3, pellet; lane 4, flow through from DE-52 column; lane 5, wash from DE-52
column; lane 6, pooled protein from DE-52 column; lane 7, post S-200 column.
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NosJ is an acyl carrier protein
Analysis of the protein by electrospray-ionization mass spectrometry in positive mode
(ESI+-MS) shows that it has an Mr of 8,717 Da, which is consistent with the theoretical Mr after
accounting for removal of the N-terminal methionine, which is a common post-translational
modification in E. coli. The enzyme responsible for this modification is most likely methionine
aminopeptidase.51

Figure 2.5 Characterization of NosJ and NosK. Panel 1 shows as-purified NosJ. Panel 2 displays
the mass shift corresponding to the transfer of NosJ to produce holo-NosJ. Panel 3 shows the
NosI-dependent transfer of MIA to NosJ to produce MIA–holo NosJ. Finally, upon incubation
with NosK, MIA–holo NosJ is reverted back to holo-NosJ due to MIA transfer to NosK (Panel
4). The proposed reaction scheme is shown at bottom left.
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A small (~10%) portion of NosJ displays a molecular mass of 9,058 Da, which is
consistent with the addition of a 4’-phosphopantheine group to the protein during its
overproduction in E. coli. To generate a larger fraction of the phosphopantetheinylated form of
NosJ (i.e. holo-NosJ), the protein was incubated for 30 min at room temperature with E. coli
holo-ACP synthase, which catalyzes the transfer of the 4’-phosphopantetheine group from CoA
to the target seryl residue to afford holo-ACP.52-53 As shown in panel 2 of Figure 2.5, the peak at
Mr 8,717 Da decreases in intensity, while the peak at Mr 9,058 Da increases in intensity. The
observed mass of NosJ and its capacity to be modified with a phosphopantetheine prosthetic
group, both in E. coli and as a purified protein, indicate that NosJ is an ACP. (Figure 2.5).
Cloning of NosI
The plasmid originally containing the nosI gene and the pET-28a vector encoded two
restriction sites, NdeI and EcoRI. Digestion of both plasmids resulted in the digested pET-28a
vector (5.2 kb) and the digested nosI gene (1.3 kb). The corresponding bands were excised from
a 1% agarose gel. The excised bands were ligated using T4 DNA ligase, and E. coli DH5(α) cells
were transformed to contain the resulting construct. Due to the pET vector system conferring
kanamycin resistance, colonies were selected on an LB agar medium containing kanamycin,
grown, and their DNA isolated to send for sequencing.
Expression and purification of NosI
The nosI gene was overexpressed as a construct in pET-28a, which allows for the
corresponding protein to be produced with an N-terminal His6 tag. NosI was isolated to 90%
purity after using Talon Co(2+) resin and gel-filtration chromatography using a Sephacryl S-200
HR 26/60 pre-packed column. Figure 2.5 shows and SDS-page electrophoresis gel used to
analyze purity of the protein. Lanes 7 and 8 show NosI after elution off the Talon Co(2+)
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column. Since NosI is predicting to be an ATP dependent protein, addition of ATP to
purification buffers drastically improved solubility and yield of NosI. This is most likely due to
the ATP binding and stabilizing the protein.

Figure 2.5 Purification of NosI. Lane 1, molecular mass markers (kDa); lane 2, pellet; lane 3,
crude extract; lane 4, flow through from Talon Co(2+) column; lane 5, wash from Talon Co(2+)
column; lane 6, second wash from Talon Co(2+) column; lanes 7 and 8, eluted protein at 2
different concentrations.
Characterization of NosI is an AMP dependent acyl activation enzyme
To assess whether NosI activates MIA in an ATP dependent manner, NosI was incubated
with 1 mM MIA and 1 mM ATP in HEPES buffer, pH 7.5, and formation of the MIA–adenylate
was assessed at designated times by ESI+-MS (Figure 2.6, Panel A). A burst phase of MIA-AMP
production is observed that is followed by a second phase that is nearly horizontal, suggesting
that no additional product formation—or extremely slow product formation—takes place after
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the initial burst. When the experiment is conducted with varying concentrations of NosI (2, 4, or
8 µM), the amplitudes of the burst phases vary linearly with those concentrations, suggesting that
the enzyme catalyzes only one turnover under the conditions described (Figures 2.6A and 4B).
This behavior suggests that NosI catalyzes both the activation of MIA and its subsequent transfer
to some target.
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Figure 2.6 Reaction of NosI with ATP and MIA. ATP (1 mM) and MIA (1 mM) were incubated
with 2 (red triangles), 4 (black triangles), 8 µM (green triangles) NosI in the absence of NosK for
varying lengths of time (15 to 800 s), and MIA-AMP was measured by LC-MS as a relative
integrated response (A). Amplitudes from each of the time courses plotted as a function of NosI
concentration show a linear correlation (B). The reactions were conducted in an ice–water bath.
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To assess whether holo-NosJ is the NosI-dependent acceptor of MIA, NosI was incubated
with MIA, ATP, and NosJ, and formation of NosJ–MIA was assessed by HPLC. As shown in
Figure 2.6 (Trace B), apo- and holo-NosJ migrate at retention times of 9.8 (black trace) and 10.6
min (blue trace), respectively, under the conditions described in Materials and Methods. When
holo-NosJ is incubated with NosI, ATP, and MIA, this retention time shifts to 19.3 min,
indicating the modification of holo-NosJ with MIA (Figure 2.6, Trace F). Omission of NosI
(Trace C), ATP (Trace D), or MIA (Trace E) from the reaction mixture does not result in a shift,
in the retention time of holo-NosJ, verifying that all of these components are required for
modification of holo-NosJ. Analysis of NosJ by mass spectrometry after incubating it with NosI,
MIA, and ATP revealed it to exhibit an m/z of 9,215 (Figure 2.5, panel 3), which is consistent
with the theoretical mass of MIA-NosJ.

Figure 2.7 HPLC analysis of holo NosJ upon reaction with ATP, MIA, and NosI. A) apo NosJ;
B) holo NosJ; C) holo NosJ + ATP and MIA; D) holo NosJ + NosI and MIA; E) holo NosJ +
NosI and ATP; and F) holo NosJ+ NosI, MIA, and ATP (complete reaction).
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Conclusions
Both NosJ and NosI were overproduced successfully using pET-26b and pET-28a
respectively. NosJ was overproduced without a tag, and therefore could not be purified using
metal affinity chromatography. Instead, because of its low pI, anion exchange chromatography
was used followed by size exclusion chromatography. NosI was overproduced with an Nterminal His6 tag. Addition of ATP was necessary to improve the solubility of the protein.
Purification by immobilized metal affinity and size exclusion chromatography yielded >90%
pure protein.
Initial mass spectrometry experiments showed that NosJ is an ACP. The mass spectrum
of as-isolated NosJ showed two forms present in the sample. One corresponding to the expected
mass of NosJ without the N-terminal methionine, and another corresponding to the appendage of
a 4’-phosphopantetheine group, a post-translational modification central to ACPs. Furthermore,
this indicated that the E. coli holo ACP synthase recognized NosJ as an ACP, and could be used
to post transnationally modify NosJ. Upon addition of Ec holo ACP synthase and CoA and
subsequent analysis by mass spectrometry, a shift in the population distribution of NosJ species
is observed. The m/z corresponding to the as-isolated NosJ decreases in intensity, and the m/z
corresponding to the phosphopantheinylated NosJ increases. These results indicate that NosJ is
an ACP.
Initial experiments with NosI showed that it is responsible for the ATP dependent
activation of MIA. An initial burst of product followed by a phase of no product formation
indicated that NosI was catalyzing a single turnover and that MIA-AMP was not the final
product. NosI was waiting for its second substrate. Upon addition of MIA, ATP, and NosI to
conditions in which holo-NosJ would be formed in situ, and analysis by mass spectrometry, a
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new m/z is observed. The new m/z observed corresponds to the addition of MIA to NosJ. This
confirms that NosJ the ACP responsible for shuttling MIA through the indole moiety
biosynthesis. With the roles of NosI and NosJ assigned, the next question to address is the
function of NosK.
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Chapter 3
Characterization of NosK: A Member of the α/β Hydrolase
Superfamily
Introduction
The α/β hydrolase superfamily contains enzymes that all share a common fold. The fold

consists of central 8 β sheets that are surrounded by α helices (Figure 3.2). The fold constructs a
catalytic triad active site that contains a nucleophile, acidic residue, and a conserved histidine.
Typically, each member of the catalytic triad is placed after β5, β7, and β8, respectively. The
nucleophilic residue can vary from being a serine, cysteine, or aspartate, while the acidic residue
can either be a glutamate or aspartate.54
The catalytic triad, seen in other families such as serine proteases, is a constructed
hydrogen bonding network to increase the nucleophilicity of the nucleophilic residue. Generally,
under physiological conditions amino acids, like serine, are weak nucleophiles. By participating
in this hydrogen bonding network the nucleophile is “activated”. The acidic residue hydrogen
bonds to the histidine which in turns polarizes the histidine. The polarized histidine then can
hydrogen bond to the nucleophile, such as a serine, to effectively deprotonate it and allow for
nucleophilic addition to the substrate.55
Location of the nucleophile resides on a sharp turn dubbed the ‘nucleophile elbow’ in
which there is an Sm-X-Nu-X-Sm motif (Sm = Small, X = any residue, and Nu = nucleophilic
residue). This accomplishes several tasks. The nucleophile is easily accessible by the substrate
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and the water molecule responsible for hydrolyzing the substrate-protein covalent intermediate.
Additionally, the geometry of the motif contributes to the formation of the oxyanion hole binding
site through the backbone nitrogen atom of the residue after the nucleophile. The hole stabilizes
the oxyanion formed when the nucleophile adds to a carbonyl to form the oxyanion tetrahedral
intermediate.56
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Figure 3.1 Sample topology diagram of the α/β hydrolase fold.
Although α/β hydrolases have the same core fold, the vast substrate diversity roots from
the addition of loops and/or the presence of a movable lid.56 The addition of loops usually occurs
at the C-terminal to prevent encroaching on the central α/β fold. The lid, which is a separate
domain, also contributes to the substrate diversity, and usually consists of additional alpha
helices that cap the catalytic triad (Figure 3.2, yellow).
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Figure 3.2 Structure of haloalkane dehalogenase DhaA31. The central α/β fold is highlighted in
purple and tan. The lid is highlighted in yellow.57
With NosJ and NosI established as the acyl carrier protein (ACP) for 3-methyl-2-indolic
acid (MIA), and the adenosine triphosphate (ATP) dependent activator of MIA, respectively, the
next question to answer is the fate of MIA after it is attached to NosJ. NosK has been annotated
as an α/β hydrolase/acyltransferase.36 In the nos operon, nosJ is adjacent to nosK. In the noc
operon, which encodes proteins that are involved in the biosynthesis of nocathiacin, a related
antibacterial thiopeptide, the encoded NocJ and NocK proteins are part of the same polypeptide.
These observations suggest that NosJ and NosK might have related activities. One possibility is
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that NosK hydrolyzes MIA and transfers it to the thiopeptide framework. To further understand
the role of NosK in the biosynthesis of the indole moiety of NOS, high pressure liquid
chromatography (HPLC) and mass spectrometry were used to determine that NosK formed the
expected MIA-NosK covalent intermediate. Furthermore, a crystal structure of NosK was solved
that shows the typical architecture of an α/β hydrolase, as well as giving possible insight on the
second substrate that NosK would transfer MIA to.

Materials
All DNA-modifying enzymes and reagents used were purchased from New England
Biolabs. DNA isolation kits were purchased from Machery-Nagel. The nosK gene, optimized for
expression in E. coli, was purchased from ThermoFisher Scientific. PfuTurbo DNA polymerase
AD was purchased from Agilent Technologies Inc. Sequencing grade trypsin was purchased from
Promega Corporation. Primers were purchased from Integrated DNA Technologies.
Deoxynucleotides were purchased from Denville Scientific Corporation. The expression vectors,
pET-26b and pET-28a, were purchased from EMD Millipore. N-(2-hydroxyethyl)piperizine-N’(2-ethanesulfonic acid) (HEPES) was purchased from Fisher Scientific. Imidazole,
trifluoroacetic acid (TFA), and 2-(N-morpholino)ethanesulfonic acid hydrate (MES) were
purchased from J. T. Baker Chemical Co. Potassium chloride and glycerol were purchased from
EMD Chemicals. 2-Mercaptoethanol and phenylmethanesulfonyl fluoride (PMSF) were
purchased from Sigma–Aldrich. Isopropyl β-D-1-thiogalactopyranoside (IPTG)

and

dithiothreitol (DTT) were purchased from Gold Biotechnology. ATP (disodium salt) and
coenzyme A (trilithium salt) were purchased from Calbiochem. 3-Methyl indolic acid (MIA) was
purchased from Matrix Scientific. Talon metal affinity resin was acquired from Clontech
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Laboratories Inc., and DE-52 anion-exchange resin was from GE Lifesciences. All other
chemicals and materials were of the highest grade available.

General Methods
DNA sequencing was carried out at the Pennsylvania State University Genomic Core
facility. UV-visible spectra were recorded on a Cary 50 spectrometer from Varian (Walnut Creek,
CA) using the WinUV software package to direct the instrument and manipulate the data. Highperformance liquid chromatography (HPLC) was conducted on an Agilent 1100 Series system
coupled with an Agilent 1100 Series variable wavelength detector and quaternary pump.
Polymerase chain reactions (PCR) were performed using a robocylcer gradient 40 thermal cycler
from Stratagene.
Cloning of the nosK gene into pET-28a
The gene encoding nosK was codon-optimized for expression in E. coli and was
delivered as a construct in plasmid pMA-T. The gene contained two restriction sites, NdeI (5′
end) and EcoRI (3′ end), and was cloned into the same restriction sites of a pET-28a vector. The
listed primers were used to introduce a stop codon at amino acid position 271. The nosK gene
was expressed as a fusion protein with an N-terminal hexahistidine tag. The codon-optimized
gene sequence of nosK, with the NdeI and EcoRI restriction sites indicated in bold type, is
provided in Supporting Information of Badding et al.47
Construction of the NosK Ser102Ala variant
The gene encoding the Ser102Ala variant was constructed by the polymerase chain
reaction. The reaction contained 200 ng of template, 0.4 µM of the forward primer (5’GGTCCGGGTCGTCTGATTGGTGCAGCGTATCTGGGTGGTCCGCTGGC-3′), 0.4 µM of the
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reverse

primer

(5′-

GCCAGCGGACCACCCAGATACGCTGCACCAATCAGACGACCCGGACC-3′), 250 µM of
each dNTP, 1 × PfuTurbo DNA polymerase buffer, and 2.5 U of PfuTurbo DNA polymerase AD
in a total of 50 µL. The reaction was heated at 95 °C for 5 min to denature the template. Next, 16
cycles of denaturation, annealing, and extension were performed at 95 °C for 1 min, 55 °C for
1.5 min, and 68 °C for 15 min, respectively. A final extension was performed at 68 °C for 10
min.
Overproduction and purification of WT NosK and the NosK Ser102Ala variant
E. coli Bl-21 (DE3) was transformed to contain the plasmid encoding WT NosK or the
NosK S102A variant. An LB media starter culture was then inoculated with a single colony and
incubated overnight at 37 °C with shaking at 250 rpm. Several shake flasks of LB media were
then inoculated with the overnight starter culture to initiate growth (180 rpm at 37 °C). Gene
expression was induced with 1 mM IPTG at an OD600 of ~0.6, and the flasks were immediately
placed in an ice bath for 1 h. Once cooled, the cultures were incubated overnight for 18 h at 18
°C with shaking at 180 rpm. The cells were harvested (~20 g), flash-frozen in liquid nitrogen,
and stored at -80 °C.
For purification, 20 g frozen cell paste was resuspended in 150 mL of lysis buffer (50
mM HEPES, pH 7.5, 300 mM KCl, 10% (v/v) glycerol, and 10 mM BME) containing PMSF (1
mM), DNase1 (100 µg mL-1), and lysozyme (1 mg mL-1). Resuspended cells were incubated on
ice and subjected to six sonication bursts on a QSonica instrument (40% output) for 45 s each
with 8-min intermittent pauses. The lysate was then centrifuged for 1 h at 50,000 × g at 4 °C. The
supernatant was then loaded onto Talon Co(2+) resin equilibrated in the lysis buffer. The resin
was washed twice with 100 mL of the lysis buffer prior to elution of His-tagged NosK with 50
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mL of elution buffer (50 mM HEPES, pH 7.5, 30 mM KCl, 250 mM imidazole, 10% (v/v)
glycerol, and 10 mM BME). The pooled eluate was concentrated by ultracentrifugation using an
Amicon Ultra centrifugal filter unit with a 10-kDa molecular weight cutoff membrane. The
protein was purified further by passage over a HiPrep 16/60 S200 column equilibrated in 300
mM KCl, 50 mM HEPES, pH 7.5, 1 mM DTT, and 10% (v/v) glycerol. The protein was then
concentrated in this buffer as described above and stored in liquid nitrogen. The final
concentration of NosK was estimated by UV-vis spectroscopy using an extinction coefficient of
29,450 L mol-1 cm-1 at 280 nm obtained using the ProtParam tool of the ExPASy proteomics
resource portal (http://web.expasy.org/protparam/). The final yield was ~100 mg of protein per
20 g of cell paste.
MS analysis of trypsin-digested NosK
The reaction mixture consisted of 50 µM NosJ, 50 µM NosI, 500 µM NosK, 100 mM
MgCl2, 2 mM ATP, 2 mM MIA, 25 mM HEPES, pH 7.5, 0.1 mM CoA, and 10 µM holo ACP
synthase in a total volume of 30 µL. The reaction was incubated at room temperature for
approximately 1 h and then quenched with 30 µL of 2× SDS page buffer. A control reaction that
lacked NosI was also prepared and treated identically. NosK was separated from other proteins
on a 12% SDS–PAGE gel, and the corresponding band was excised. An in-gel trypsin digestion
was performed on the excised band with sequencing-grade lyophilized trypsin and subsequently
analyzed at the Penn State Proteomics and Mass Spectrometry Core facility.
Mass spectra of tryptic digests were acquired using the default instrument parameters for
the reflector positive-ion detection over the 700 – 3000 m/z range, and the method was calibrated
with a bovine serum albumin tryptic digest standard (Protea Biosciences). Mass spectra were
opened in the Bruker FlexAnalysis, smoothed by Savitzky-Golay filtering (0.2 m/z, 1 cycle), and

47

baseline-subtracted using Top-Hat filtering. The mass lists were generated using a SNAP peak
detection algorithm with a signal-to-noise threshold set at 6 and using the averagine SNAP
average composition. The peak at m/z 1581.733 was selected for TOF-TOF analysis to establish
the modification position. The resulting MS2 data were processed using the default parameters
and loaded into the Bruker Biotools application. The fragment ions were identified based on the
best match between the experimental mass spectra and the peak assignments generated by the
Sequence Editor within Biotools.
HPLC analysis of NosK acylation
The complete reaction contained the following in a total volume of 30 µL: 250 µM NosK,
50 µM NosJ, 25 µM NosI, 10 µM Ec holo ACP synthase, 2 mM ATP, 2 mM MIA, 100 µM CoA,
and 25 mM HEPES, pH 7.5. For some reactions, various components of the complete reaction
mixture were omitted as indicated in the text and legend for Figure 2.13. NosK control consisted
of 250 µM NosK, 100 mM MgCl2, and 25 mM HEPES, pH 7.5. The control acylated NosK
reaction consisted of 250 µM NosK, 50 µM NosJ, 10 µM Ec Holo ACP synthase, 2 mM ATP, 2
mM MIA, 100 µM CoA, and 25 mM HEPES pH 7.5. The NosK S102A reaction contained 250
µM NosK S102A, 50 µM NosJ, 25 µM NosI, 10 µM Ec Holo ACP synthase, 2 mM ATP, 2 mM
MIA, 100 µM CoA, and 25 mM HEPES pH 7.5. The reactions were in a total volume of 30 µL
and were incubated at room temperature for approximately 1 hour. Before analysis by HPLC, the
reactions were quenched with 0.2% TFA pH 2.4.
Samples were analyzed using the Agilent 1100 series HPLC ChemStation software. A
Zorbax 300 stable bond C18 5 µm 4.6 mm × 250 mm column was used with two different
solvents: solvent A, 0.2% TFA pH 2.4 and solvent B, acetonitrile flowed at 1.4 mL per minute.
The column was equilibrated in 45% solvent B and 55% solvent A, which was maintained for 3
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min after injection. From 3 to 13 min, solvent B was increased to 57%. From 13 min to 14 min,
solvent B was increased to 100%. From 14 to 16 min, solvent B was held constant at 100%.
From 16 to 17 min, solvent B was decreased to 45%. From 17 to 18 min, solvent B was held
constant at 45%.
Crystallization and x-ray structure determination of NosK
A concentrated stock solution of NosK, prepared as described above, was diluted to 9
mg/mL in 10 mM Tris-HCl, pH 8.4, containing 300 mM KCl. Clear rod-shaped crystals appeared
within 2 to 3 weeks at room temperature by using the hanging drop vapor diffusion method.
Trays were prepared by mixing 1 µL of protein solution and 1 µL of precipitating solution
containing 1.6 M (NH4)2SO4, 0.1 M NaCl, 0.1 M HEPES, pH 7.5, and equilibrating the drops
against a 0.5 M LiCl well solution. Crystals were removed directly from their drops with rayon
loops with no further cryoprotection and flash-frozen in liquid nitrogen.
X-ray diffraction datasets were collected at the Life Sciences Collaborative Access Team
(LS-CAT) beamline 21-ID-G at the Advanced Photon Source. Datasets were processed using
iMosflm58 and phased by molecular replacement using BALBES.59 Manual model building with
Coot,60 using the initial search model S. aureus MenH (PDB accession code 2XMZ) as a
template, and refinement in PHENIX61 and Refmac562 yielded a final model consisting of
residues 28-257, 91 water molecules, and one sulfate anion. Figures were generated using the
PyMOL molecular graphics software package (Schrödinger LLC) and electrostatic surface maps
were obtained with the APBS software plugin.63 Data collection and refinement statistics are
shown in Badding and coworkers.47
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Results and Discussion
Overexpression and purification of NosK
The nosK gene was overexpressed as a construct in pET-28a, which allows the
corresponding protein o be produced with an N-terminal hexahistidine (His6) tag. Using
immobilized metal affinity chromatography (IMAC) to isolate His6 tagged NosK yielded
homogenous protein (Lanes 9 and 10 Figure 3.3). Purification by size exclusion chromatography
removed any remaining contaminants, as well as aggregation that could have been present from
the purification process.

Figure 3.3 Overproduction and purification of NosK. Lane 1, molecular mass markers (kDa);
lane 2, before IPTG induction; lane 3, after IPTG induction; lane 4, pellet; lane 5, crude extract;
lane 6, flow through from Talon Co(2+) column; lane 7, wash from Talon Co(2+) column; lane
8, second wash from Talon Co(2+) column; lanes 9 and 10, eluted protein at 2 different
concentrations.
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Crystal structure of NosK
The crystal structure of NosK was solved to 2.3 Å resolution by x-ray crystallography
(PDB accession code 5V7O). The protein exhibits an α/β hydrolase fold, as anticipated from
initial bioinformatic annotation. This is consistent with the hypothesis that the enzyme functions
as an acyltransferase, hydrolyzing MIA off NosJ and transferring it to the NOS framework. With
the α/β hydrolase fold in mind, the expected active site would consist of a conserved catalytic
triad, commonly observed in this family of enzymes.64 Ser102 is the nucleophile of the catalytic
triad, with His234 being the conserved histidine, and Glu210 being the acid responsible for
polarizing the His234. Figure 3.4B shows the catalytic triad.

Figure 3.4 A) A ribbon diagram of the overall structure of NosK, featuring the core α/β
hydrolase domain and the cap domain. The catalytic triad is shown in yellow stick format. B)
The NosK Ser-His-Glu catalytic triad. C) Overlay of the nucleophile elbow in BioH (PDB
accession code 4ETW)65 (tan) and NosK (white) showing insertion of Tyr103 near the Ser102
nucleophile.
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In other α/β hydrolases, the Ser nucleophile is located at the apex of a tight β-to-α
transition, termed the nucleophile elbow, that is facilitated by a strictly conserved consensus SmX-Nu-X-Sm (X = any amino acid, Sm = Gly/Ala) motif.56 In NosK, Ser102 is found instead in a
GAS102YLG sequence, which deviates from the consensus via insertion of an additional
hydrophobic residue following the nucleophile. The insertion extends the turn by one residue,
allowing the neighboring Tyr side chain to partially occlude the Ser nucleophile (Figure 3.4C).
This modification to the consensus sequence is also found in the N-terminal region of Nocardia
NocK and may be linked to the proposed acyltransferase function of the two enzymes. Insertion
of a bulky side chain could promote retention of the acyl-enzyme intermediate via local
protection from solvent to prevent unwanted attack by water molecules. The insertion is also
found in several of the closest homologs to NosK identified in a BLAST search, many of which
are uncharacterized but currently annotated as hydrolases.
The architecture of NosK
In addition to the α/β hydrolase domain, NosK contains an ancillary cap domain
composed of three short alpha helices inserted between β4 and α4 in the core hydrolase fold
(Figure 3.4A). Although the general domain architecture is typical of the haloalkane
dehalogenase (HAD) subfamily the cap motif in NosK is particularly small owing to truncation
of the cap secondary structures.54 The cap region borders the NosK active site, generating a wide
shallow groove—presumably for substrate interaction—that is ~25 Å long and 17 Å wide. The
arrangement yields a highly exposed catalytic triad when compared to prototypical HAD-type
hydrolases with larger cap structures (Figure 3.5 A-C, left panels).66 The open state may facilitate
interaction with protein/peptide-based substrates such as the MIA-NosJ ACP complex and the
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Figure 3.5 Figure 8. Space-filling and cartoon models of NosK (A) and two structurally similar
proteins, MCP hydrolase (PDB accession code 4LXG)67 (B) and valacyclovirase (PDB accession
code 2OCG)67 (C). Cap domain shown in yellow and catalytic serine (left) or triad (right) shown
in green.
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thiopeptide acceptor. Query of the DALI structural comparison database reveals a similar
abbreviated cap domain in human drug metabolism enzyme valacyclovirase, an amino acid
esterase with broad substrate specificity.68 In that system, the open active site structure is
functionally relevant and responsible for the ability to bind a diverse spectrum of target
molecules. Despite the small NosK-like cap structure, the catalytic triad in valacyclovirase
remains less solvent exposed than the NosK active site. As in most other HAD-type hydrolases,
valacyclovirase contributes an Asp as the third acidic component of the catalytic triad from a
loop structure that blocks the active site distal to the cap domain. NosK instead uses a longer Glu
side chain contributed by a helix within the core fold (Figure 3.6). The alternative mechanism of
catalytic triad formation allows open access to the active site from two different directions in
NosK.

Figure 3.6 Overlay of the catalytic triad acidic residue loop in NosK and valacyclovirase (PDB
accession code 2OCG).68
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The NosK cap domain itself may be directly involved in interaction with NosJ, a mode of
complex formation with precedent in the biotin biosynthesis pathway (Figure 3.7A).65 BioH is a
HAD-type α/β hydrolase that cleaves the terminal methyl ester of an 8-carbon fatty acid
substrate attached to an ACP-phosphopantetheine carrier. BioH harbors a typical large cap
domain that occludes the nucleophilic Ser. The ACP binding partner sits on top of the cap

Figure 3.7 The structures of ACP-BioH (A) (PDB accession code 4ETW)28 and NosK (B). In
BioH, the cap domain has been shown to mediate the binding of ACP tethered to a
phosphopantetheine-fatty acid substrate (Ppant, aqua).
domain, threading the linear fatty acid tail through a substrate channel to the active site.
The structure suggests a model for NosJ interaction with the smaller NosK cap domain in which
the open active site cavity may be better suited to accommodate the bulkier MIA appendage.
Analysis of the NosK electrostatic surface potential in the vicinity of the Ser102 nucleophile
indicates the active site cavity is largely hydrophobic but flanked by regions of positive and
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negative charge (Figure 3.8). The charged regions could be important for directing the MIA–
NosJ donor and peptide acceptor to different parts of the active site.

Figure 3.8 Electrostatic surface potential map for NosK. Surface contoured at + 5 kBT (blue)
and -5 kBT (red). Corresponding cartoon representations for each view are shown in the bottom
panels.
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Evidence for the NosK acyl intermediate
Analysis of NosK by HPLC shows that it migrates at a retention time of around 7.6
minutes (Figure 2.15, blue trace). The addition of holo NosJ, MIA, and ATP to NosK results in
essentially no change in retention time (Figure 2.15, black trace). However, the addition of NosI
to holo NosJ, MIA, ATP and NosK results in a change in NosK’s retention time from 7.6 min to
10 min. To confirm the role of Ser102 as an acyl acceptor, the amino acid was changed to
alanine and the resulting NosK variant was substituted in the reaction. NosK S102A migrates
slightly slower than wild-type NosK, exhibiting a retention time of 8.3 min rather than 7.7 min
(Figure 3.9, Red Trace). When the NosK S102A variant is incubated with holo NosJ, ATP, MIA,
and NosI, no shift in retention time is observed, which is consistent with Ser102 as the
intermediate acyl acceptor site. This role for NosK is also consistent with observations reported
in Figure 2.5 (Panel 4), wherein the addition of NosK to a reaction containing NosI, NosJ, MIA,
and ATP results in the conversion of MIA–NosJ to holo NosJ.

Figure 3.9 HPLC analysis of the acylation of NosK. NosK, blue; NosK + NosJ, black; NosK +
NosJ + NosI, pink; NosK Ser102Ala variant, red; NosK Ser102Ala variant + NosJ + NosI, green.
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When NosK is treated with similar conditions to Figure 3.9 (Pink Trace) is digested with
trypsin and subjected to mass spectrometry, a peptide is observed (LIGAS102YLGGPLAHR) that
contains MIA covalently bound to the side-chain of Ser102 (Table 3.1). In a control reaction, in
which ATP is omitted, the same peptide is observed, but without the MIA linkage (Table 3.2).

Table 3.1 Fragments from NosK trypsin digestion after treatment with NosJ, NosI, MIA, ATP,
CoA, and holo ACP synthase. Highlighted in blue are the peptide fragments containing Ser102.
Sequence
DTETPmHTGMSTGPETPTVYLVHGLLG
TGHGHFAAQIR
DAFLSLIAGFEGLAAQQPALAAEYEQLH
GTR
AADVAALTVPTLVLnGSLK
DAFLSLIAGFEGLAAQqPALAAEYEQLH
GTR
DTETPMHTGMSTGPETPTVYLVHGLLG
TGHGHFAAQIR
DTETPmHTGmSTGPETPTVYLVHGLLGT
GHGHFAAQIR
cAATRPDLVSSLVLTGFAPDVSR
AADVAALTVPTLVLNGSLK
DAFLSLIAGFEGLAAQQPALAAEYEQLH
GTRWK
FGPGRLIGASYLGGPLAHR
AADVAALTVPTLVLnGSLKSVER
EFNEAVEDFWR
DFERTALVRAADVAALTVPTLVLNGSL
K
LIGASYLGGPLAHR
DAAEDYFDDALR
YLVAVLERFGPGRLIGASYLGGPLAHR
TALVRAADVAALTVPTLVLNGSLK
LIGASYLGGPLAHRCAATRPDLVSSLVL
TGFAPDVSR
DTETPmHTGmSTGPETPTVYLVHGLLGT
GHGHFAAQIRAWHGRLR
AADVAALTVPTLVLNGSLKSVER
LIGASYLGGPLAHRcAATRPDLVSSLVL
TGFAPDVSR
AAAEQAPGWGGR
DFERTALVRAADVAALTVPTLVLnGSL
K
AADVAALTVPTLVLNGSLKSVERAAAE
QAPGWGGR
DTETPMHTGmsTGPETPTVYLVHGLLGT
GHGHFAAqIR
YLVAVLER
TLDAVTGHVER
TLDAVTGHVERDFER

# PSMs

# Proteins

# Protein
Groups

Protein Group
Accessions

8

1

1

C6FX50

101

1

1

C6FX50

41

1

1

C6FX50

N15(Deamidated)

3

1

1

C6FX50

Q17(Deamidated)

3

1

1

C6FX50

11

1

1

C6FX50

61
47

1
1

1
1

C6FX50
C6FX50

2

1

1

C6FX50

8
1
82

1
1
1

1
1
1

C6FX50
C6FX50
C6FX50

2

1

1

C6FX50

41
24
5
2

1
1
1
1

1
1
1
1

C6FX50
C6FX50
C6FX50
C6FX50

5

1

1

C6FX50

1

1

1

C6FX50

2

1

1

C6FX50

3

1

1

C6FX50

5

1

1

C6FX50

3

1

1

C6FX50

3

1

1

C6FX50

1

1

1

C6FX50

1
2
1

1
1
1

1
1
1

C6FX50
C6FX50
C6FX50

Modifications
M6(Oxidation)

M6(Oxidation);
M10(Oxidation)
C1(Carbamidomethyl)

S10(Ser-MIA)
N15(Deamidated)

S5(Ser-MIA)
S18(Ser-MIA)

M6(Oxidation);
M10(Oxidation)
C15(Carbamidomethyl)

N24(Deamidated)

M10(Oxidation); S11(SerMIA); Q36(Deamidated)
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Table 3.2 Fragments from NosK trypsin digestion after treatment with NosJ, MIA, ATP, CoA,
and holo ACP synthase (NosI omitted). Highlighted in blue are the peptide fragments containing
Ser102.
Sequence
DAFLSLIAGFEGLAAQQPALAAEYEQLH
GTR
DTETPmHTGmSTGPETPTVYLVHGLLGT
GHGHFAAQIR
AADVAALTVPTLVLNGSLK
DAFLSLIAGFEGLAAQQPALAAEYEQLH
GTRWK
AADVAALTVPTLVLnGSLK

# PSMs

# Proteins

# Protein
Groups

Protein Group
Accessions

116

1

1

C6FX50

8

1

1

C6FX50

82

1

1

C6FX50

3

1

1

C6FX50

Modifications

M6(Oxidation);
M10(Oxidation)

14

1

1

C6FX50

N15(Deamidated)

cAATRPDLVSSLVLTGFAPDVSR
DTETPmHTGmSTGPETPTVYLVHGLLGT
GHGHFAAqIRAWHGR
GRVVPGAGHLVGHDRPREFNEAVEDF
WR
LIGASYLGGPLAHRcAATRPDLVSSLVL
TGFAPDVSR
AADVAALTVPTLVLNGSLKSVER
LIGASYLGGPLAHRCAATRPDLVSSLVL
TGFAPDVSR
EFNEAVEDFWR
AADVAALTVPTLVLNGSLKSVERAAAE
QAPGWGGR
DFERTALVRAADVAALTVPTLVLNGSL
K
DAAEDYFDDALR

31

1

1

C6FX50

2

1

1

C6FX50

C1(Carbamidomethyl)
M6(Oxidation);M10(Oxida
tion); Q36(Deamidated)

1

1

1

C6FX50

2

1

1

C6FX50

3

1

1

C6FX50

7

1

1

C6FX50

70

1

1

C6FX50

3

1

1

C6FX50

2

1

1

C6FX50

20

1

1

C6FX50

AADVAALTVPTLVLnGSLKSVER
DAFLSLIAGFEGLAAQQPALAAEYEQLH
GTRWKR
DTETPmHTGmSTGPETPTVYLVHGLLGT
GHGHFAAQIRAWHGRLR

1

1

1

C6FX50

3

1

1

C6FX50

3

1

1

C6FX50

DTETPmHTGmSTGPETPTVYLVHGLLGT
GHGHFAAqIR

1

1

1

C6FX50

TALVRAADVAALTVPTLVLNGSLK

2

1

1

C6FX50

LIGASYLGGPLAHR

1

1

1

C6FX50

DTETPmHTGmSTGPETPTVYLVHGLLGT
GHGHFAAqIRAWHGRLR

1

1

1

C6FX50

YLVAVLER

3

1

1

C6FX50

AAAEQAPGWGGR
AADVAALTVPTLVLnGSLKSVERAAAE
QAPGWGGR
DTETPmHTGMSTGPETPTVYLVHGLLG
TGHGHFAAQIR
TLDAVTGHVERDFER

5

1

1

C6FX50

1

1

1

C6FX50

N15(Deamidated)

5

1

1

C6FX50

M6(Oxidation)

1

1

1

C6FX50

TLDAVTGHVER

2

1

1

C6FX50

C15(Carbamidomethyl)

N15(Deamidated)

M6(Oxidation);
M10(Oxidation)
M6(Oxidation);
M10(Oxidation);
Q36(Deamidated)

M6(Oxidation);
M10(Oxidation);
Q36(Deamidated)
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Conclusions
The evidence presented indicates that the role of NosK is to transfer MIA from NosJ to
the NOS thiopeptide framework. The nucleophilic Ser102 in the Ser-His-Glu catalytic triad
observed in the crystal structure is the MIA acceptor, as demonstrated through HPLC of the
NosK S102A variant, and the trypsin digest experiments. The roles of NosIJK in the indole
moiety biosynthetic pathway proposed in Chapter 2 have been supported up until the transfer of
MIA to the thiopeptide framework. NosL catalyzes the formation of MIA from tryptophan.39
NosI then activates and appends MIA to NosJ in an ATP-dependent manner. NosJ shuttles MIA
to NosK in which NosK forms an acyl-intermediate, and presumably then transfers MIA to the
specific cysteinyl residue. The final proposed step of the biosynthesis indole moiety is the
transfer of a carbon unit by NosN from SAM, to form an exocyclic methylene group at the C4
position of the indole moiety. The exocyclic methyelene intermediate is trapped Glu06 of the
core peptide to complete the biosynthesis of the minor side ring.
There is some insight into the timing of DMIA incorporation from recent studies of
nosiheptide biosynthesis in S. actuosus, in which nosO was deleted in a strain of the native
producer bacterium that had several copies of the gene encoding NosM present in trans. This
approach led to the identification and characterization of a low-yield off-pathway intermediate
that lacked the six-membered heterocycle in NOS, but which contained fully installed thiazoles
and dehydro-amino acids. As expected, the large macrocycle was not formed, given that the sixmembered heterocycle is involved in the connections that form the macrocycle; however, the
smaller side ring system, in which Glu-6 and Cys-8 are bridged by the DMIA moiety, was
present.69 Moreover, previous studies indicate that transfer of the MIA/DMIA moiety to the
thiopeptide framework is necessary for formation of the core macrocycle and that NosI plays a

key role in this process.36,

70
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Together, these results and observations suggest that the NosK-

mediated transfer of the MIA/DMIA moiety to the thiopeptide framework occurs before
formation of the six-membered heterocycle—either directly on NosM, on NosM after thiazole
formation, or on NosM both after thiazole formation and after formation of dehydro-amino acids.
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Chapter 4
Preliminary Studies of NosN and Preparation for its in vivo
Substrate
Introduction
NosN is a member of the radical S-adenosylmethionine (RS) superfamily and is predicted
to catalyze the transfer of the carbon atom from S-adenosyl-ʟ-methionine (SAM) to the C4
position of the indole moiety in nosiheptide (NOS).36 As already discussed, there are four classes
of RS methylases: A, B, C, and D.15 Members of class C, such as NosN, share sequence and
structural homology to the well characterized radical SAM enzyme HemN, an oxygenindependent coproporphyrinogen III oxidase. HemN participates in the biosynthesis of the
cofactor heme, and catalyzes the oxidative decarboxylation of coproporphyrinogen III to
protoporphyinogen IX. A crystal structure of HemN solved to 2.07 Å shows a typical (βα)6 TIM
barrel core observed in RS enzymes.30 Surprisingly, the structure revealed that there were two
SAM molecules simultaneously bound to HemN at two distinct sites. The first coordinated to the
[4Fe-4S] cluster in a bidentate fashion, while the second SAM molecule was bound adjacent to
the first. An alignment of HemN and NosN shows two similarities.15 One, the C-terminal cap
most likely used for binding of substrate, and two, the conservation of residues that are
responsible for binding the second equivalent of SAM. Due to this similarity, it is believed that
NosN and other class C RS methylases simultaneously bind two equivalents of SAM. This
binding mode is in contrast to other RS such as RlmN and Cfr, which use two equivalents in a
ping-pong like fashion.
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Figure 4.1 The active site of HemN (1OLT) showing two SAM molecules bound to the protein
and the [4Fe-4S] cluster.30
Mechanistic study of NosN has impeded because its exact substrate is unknown. In fact,
until very recently, insight into the enzyme’s mechanism has only been obtained through
bioinformatics analyses, and genetic and in vivo feeding studies.15, 40 Initial insight was obtained
Heinz Floss and his coworkers, in which a culture of Streptomyces actuosus was fed L-[methyld3]methionine (d3-Met).. Isolation of NOS and subsequent mass spectrometry analysis showed
an isotopic mass shift of 2 Da. It is well established that methionine is a precursor to the
production of SAM, and therefore the shift in isotopic mass was attributed to the incorporation of
the a deuterated methyl group from SAM with the subsequent obligate loss of a deuteron upon
further functionalization.40,71 Upon elucidation of the gene cluster that encodes the biosynthesis
of NOS by Wen Liu and his coworkers, it was discovered that NosN is responsible for the
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transfer of the carbon unit. The substrate for NosN has remained elusive, however, despite
knowing that it is an MIA derivative.
In the studies performed by Wen Liu and coworkers, a knock out of the nosN gene
yielded an offshoot product in which NOS was completely synthesized except for the ester
linkage between the indole moiety and Glu6 of NOS, which completes the cyclization of the
smaller ring system.36 From this observation, it was proposed that the substrate for NosN was a
similar compound, in which the central heterocycle was already present as well as the thioester
bond between the indole moiety and Cys8 of the structural peptide, but before the tailoring
enzymes had catalyzed their respective reactions. As already discussed, there inconsistencies
with the pathway put forth by Wen Liu and his coworkers. Foremost among these
inconsistencies is that there are more transformations proposed than there are enzymes that
operate on the indolic acid moiety. There is some experimental evidence suggesting a different
pathway that suggests an alternative pathway.
In addressing these aforementioned inconsistencies, a new hypothesis for the mechanism
of NosN mechanism is proposed in Figure 4.2. The first step of the proposed mechanism is the
formation of methylthioadeonsine (MTA) from SAM. Recent studies have shown that NosN
could possibly use MTA as a methyl source.70 MTA is a natural degradation product of SAM, in
which the carboxylate performs an intramolecular nucleophilic attack on C4, which is connected
to the sulfonium. MTA formation can be seen as analogous to the strategy used by Class A RS
methylases; formation of the thioether allows for a more stable methylene radical generated in
the subsequent step. Following formation of MTA, the 5′-deoxadenoysl 5′-radical (5′dA•) is
formed and abstracts a hydrogen atom from the methyl moiety of MTA. Radical addition to the
carbon atom (C4 of the indole) undergoing methylation results in an unpaired electron that is
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delocalized throughout the indole moiety. This unpaired electron acidifies the C4 poroton,
allowing elimination of 5′-thioadenosine after proton abstraction. Loss of an electron affords an
electrophilic exocyclic methylene which then is trapped by the glutamyl residue, finishing the
biosynthesis of side-ring system of NOS.

Figure 4.2 The proposed mechanism for NosN as well as the formation of the indole moiety in
NOS.
In this work, I assess whether NosN can bind two molecules of SAM simultaneously
using isothermal titration calorimetry (ITC). In addition, I initiate the cloning of genes involved
in the biosynthesis of the NOS framework and the purification of the corresponding proteins as a
means to identify the physiological substrate of NosN.

Materials
All DNA-modifying enzymes and reagents used were purchased from New England
Biolabs. DNA isolation kits were purchased from Machery-Nagel. The, nosG, nosH, nosM, and
nosN genes, optimized for expression in E. coli, were purchased from ThermoFisher Scientific.
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The expression vectors, pET-26b and pET-28a, were purchased from EMD Millipore. The
expression vector pSUMO was bought from Life Sensors Inc. N-(2-hydroxyethyl)piperizine-N’(2-ethanesulfonic acid) (HEPES) was purchased from Fisher Scientific. Imidazole,
trifluoroacetic acid (TFA), and 2-(N-morpholino)ethanesulfonic acid hydrate (MES) were
purchased from J. T. Baker Chemical Co. Potassium chloride and glycerol were purchased from
EMD Chemicals. 2-Mercaptoethanol and phenylmethanesulfonyl fluoride (PMSF) were
purchased from Sigma–Aldrich. Isopropyl β-D-1-thiogalactopyranoside (IPTG) and dithiothreitol
(DTT) were purchased from Gold Biotechnology. Adenosine triphosphate (ATP) (disodium salt)
was purchased from Calbiochem. 3-Methyl indolic acid (MIA) was purchased from Matrix
Scientific. Talon metal affinity resin was acquired from Clontech Laboratories Inc. All other
chemicals and materials were of the highest grade available. SAM was biosynthetically
synthesized and isolated as previously reported.72

General Methods
DNA sequencing was carried out at the Pennsylvania State University Genomic Core
facility. UV-visible spectra were recorded on a Cary 50 spectrometer from Varian (Walnut
Creek, CA) using the WinUV software package to direct the instrument and manipulate the data.
Polymerase chain reactions (PCR) were performed using a robocylcer gradient 40 thermal cycler
from Stratagene. ITC experiments were performed anaerobically in an Mbraun lab master series
130 anaerobic glove box with a VP-ITC (Microcal). The data analyzed with the Microcal VPITC software.
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Cloning of the nosM gene into pSUMO
The gene encoding nosM was codon-optimized for expression in E. coli and was
delivered as a construct in plasmid pMK-RQ. The gene contained two restriction sites, BsaHI (5′
end) and XhoI (3′ end), and was cloned into the same restriction sites of a pSUMO vector. The
nosM gene was expressed as a SUMO fusion protein with an N-terminal hexahistidine (His6) tag.
Overproduction and purification of NosM
E. coli Bl-21 (DE3) cells were transformed to contain the plasmid encoding WT NosM.
An LB media starter culture was then inoculated with a single colony and incubated overnight at
37 °C with shaking at 250 rpm. Several shake flasks of LB media were then inoculated with the
overnight starter culture to initiate growth (180 rpm at 37 °C). Gene expression was induced with
0.5 mM IPTG at an OD600 of ~0.6, and the flasks were immediately placed in an ice bath for 1 h.
Once cooled, the cultures were incubated overnight for 18 h at 18 °C with shaking at 180 rpm.
The cells were harvested (~30 g), flash-frozen in liquid nitrogen, and stored at -80 °C.
For purification, 30 g of frozen cell paste was resuspended in 150 mL of lysis buffer (50
mM HEPES, pH 7.5, 300 mM KCl, 10% (v/v) glycerol, and 10 mM BME) containing PMSF (1
mM), DNase1 (100 µg mL-1), and lysozyme (1 mg mL-1). Resuspended cells were incubated on
ice and subjected to six sonication bursts on a QSonica instrument (40% output) for 45 s each
with 8-min intermittent pauses. The lysate was then centrifuged for 1 h at 50,000 × g at 4 °C. The
supernatant was then loaded onto Talon Co(2+) resin equilibrated in the lysis buffer. The resin
was washed twice with 100 mL of the lysis buffer prior to elution of SUMO-tagged NosM with
50 mL of elution buffer (50 mM HEPES, pH 7.5, 30 mM KCl, 250 mM imidazole, 10% (v/v)
glycerol, and 10 mM BME). The pooled eluate was concentrated by ultracentrifugation using an
Amicon Ultra centrifugal filter unit with a 3-kDa molecular weight cutoff membrane.
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Cloning of the nosG and nosh gene into pET-28a
The genes encoding nosG and nosH were codon-optimized for expression in E. coli and
were delivered as a construct in plasmid pMK-RQ. The plasmids containing the genes had two
restriction sites, NdeI (5’ end) and EcoRI (3’ end), and were cloned into the same restriction sites
of the pET-28a vector. The nosG and nosH genes were expressed as a fusion protein with an Nterminal hexahistidine (His6) tag.
Overproduction and purification of NosG
E. coli Bl-21 (DE3) was transformed to contain the plasmid encoding WT NosG. An LB
media starter culture was then inoculated with a single colony and incubated overnight at 37 °C
with shaking at 250 rpm. Several shake flasks of M9 minimal media were then inoculated with
the overnight starter culture to initiate growth (180 rpm at 37 °C). Gene expression was induced
with 20 µM IPTG at an OD600 of ~0.6, and the flasks were immediately placed in an ice bath for
1 h. Once cooled, the cultures were incubated overnight for 18 h at 15 °C with shaking at 180
rpm. The cells were harvested (~50 g), flash-frozen in liquid nitrogen, and stored at -80 °C.
For purification, 50 g of frozen cell paste was resuspended in 150 mL of lysis buffer (50
mM HEPES, pH 7.5, 300 mM KCl, 10% (v/v) glycerol, 1 mM ATP and 10 mM BME)
containing PMSF (1 mM), DNase1 (100 µg mL-1), and lysozyme (1 mg mL-1). Resuspended
cells were incubated on ice and subjected to six sonication bursts on a QSonica instrument (40%
output) for 45 s each with 8-min intermittent pauses. The lysate was then centrifuged for 1 h at
50,000 × g at 4 °C. The supernatant was then loaded onto Talon Co(2+) resin equilibrated in the
lysis buffer. The resin was washed twice with 100 mL of the lysis buffer prior to elution of Histagged NosG with 50 mL of elution buffer (50 mM HEPES, pH 7.5, 30 mM KCl, 250 mM
imidazole, 10% (v/v) glycerol, 1 mM ATP and 10 mM BME). The pooled eluate was
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concentrated by ultracentrifugation using an Amicon Ultra centrifugal filter unit with a 10-kDa
molecular weight cutoff.
Overproduction and purification of NosH
E. coli Bl-21 (DE3) was transformed to contain the plasmid encoding WT NosH.
Plasmids encoding WT NosH were transformed into E. coli BL-21 (DE3). An LB media starter
culture was then inoculated with a single colony and incubated overnight at 37 °C with shaking
at 250 rpm. Several shake flasks of LB media were then inoculated with the overnight starter
culture to initiate growth (180 rpm at 37 °C). Gene expression was induced with 0.2 mM IPTG
at an OD600 of ~0.6, and the flasks were immediately placed in an ice bath for 1 h. Once cooled,
the cultures were incubated overnight for 18 h at 15 °C with shaking at 180 rpm. The cells were
harvested (~20 g), flash-frozen in liquid nitrogen, and stored at -80 °C.
For purification, 20 g of frozen cell paste was resuspended in 150 mL of lysis buffer (50
mM HEPES, pH 7.5, 300 mM KCl, 10% (v/v) glycerol, 1 mM ATP and 10 mM BME)
containing PMSF (1 mM), DNase1 (100 µg mL-1), and lysozyme (1 mg mL-1). Resuspended
cells were incubated on ice and subjected to six sonication bursts on a QSonica instrument (40%
output) for 45 s each with 8-min intermittent pauses. The lysate was then centrifuged for 1 h at
50,000 × g at 4 °C. The supernatant was then loaded onto Talon Co(2+) resin equilibrated in the
lysis buffer. The resin was washed twice with 100 mL of the lysis buffer prior to elution of Histagged NosH with 50 mL of elution buffer (50 mM HEPES, pH 7.5, 30 mM KCl, 250 mM
imidazole, 10% (v/v) glycerol, 1 mM ATP and 10 mM BME). The pooled eluate was
concentrated by ultracentrifugation using an Amicon Ultra centrifugal filter unit with a 10-kDa
molecular weight cutoff.
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Overproduction and purification of NosN
E. coli Bl-21 (DE3) containing the pDB1282 plasmid was transformed to contain the
plasmid encoding WT NosN..Plasmids encoding WT NosN were transformed from E. coli DHα
into E. coli BL-21 (DE3) containing the pDB1282 plasmid. An LB media starter culture was then
inoculated with a single colony and incubated overnight at 37 °C with shaking at 250 rpm.
Several shake flasks of LB media were then inoculated with the overnight starter culture to
initiate growth (180 rpm at 37 °C). The genes encoded in the pDB1282 plasmid were induced at
an OD600 of ~0.3 with 0.2% arabinose. Gene expression was induced with 0.5 mM IPTG at an
OD600 of ~0.6, and the flasks were immediately placed in an ice bath for 1 h. Once cooled, the
cultures were incubated overnight for 18 h at 18 °C with shaking at 180 rpm. The cells were
harvested (~30 g), flash-frozen in liquid nitrogen, and stored at -80 °C.
For purification, 30 g of frozen cell paste was resuspended in 150 mL of lysis buffer (50
mM HEPES, pH 7.5, 300 mM KCl, 10% (v/v) glycerol, and 10 mM BME) containing PMSF (1
mM), DNase1 (100 µg mL-1), and lysozyme (1 mg mL-1). Resuspended cells were incubated on
ice and subjected to six sonication bursts on a QSonica instrument (40% output) for 45 s each
with 8-min intermittent pauses. The lysate was then centrifuged for 1 h at 50,000 × g at 4 °C. The
supernatant was then loaded onto Talon Co(2+) resin equilibrated in the lysis buffer. The resin
was washed twice with 100 mL of the lysis buffer prior to elution of His-tagged NosN with 50
mL of elution buffer (50 mM HEPES, pH 7.5, 30 mM KCl, 250 mM imidazole, 10% (v/v)
glycerol, and 10 mM BME). The pooled eluate was concentrated by ultracentrifugation using an
Amicon Ultra centrifugal filter unit with a 10-kDa molecular weight cutoff membrane. The cap
was sealed with vinyl tape to reduce oxygen contamination.
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Reconstitution of NosN
The reconstitution of NosN was performed on ice. DTT in a 15-fold molar excess was
added and was left to incubate for 30 min. A 5-fold molar excess of FeCl3 was added in 5
increments, with intermittent 5 min incubations followed by a 30 minute incubation. A 5-fold
molar excess of Na2S was added in 5 increments with 5 minute intermittent incubations. The
reaction was incubated on fresh ice overnight and centrifuged at 14,000 rpm. The protein was
then purified from the reconstitution mixture by passing it over a 16/60 S-200 column
equilibrated in 300 mM KCl, 25 mM HEPES pH 7.5, 1 mM DTT, and 10% Glycerol. The
protein was then concentrated in the same manner as described above, and followed by an Fe/S
analysis73-74. The protein was quantified through a Bradford assay with the correction factor
0.55.75 The protein was stored in a liquid nitrogen dewar until needed.
Isothermal titration calorimetry with NosN
Two solutions, one containing 3.2 mM SAM (600 µL) and one containing 220 µM
reconstituted (RCN) NosN (2 mL), were prepared by diluting out each out in NosN S200 buffer.
The reference cell contained distilled, deionized, degassed water. NosN was carefully transferred
to the experimental cell, while SAM was loaded into the automatic pipette. The parameters of the
experiment are as followed: cell temperature 21°C, reference power of 7 µcal/sec, a stirring
speed of 177 rpm, a spacing time of 300 sec, and 10 µL injections. The titration was ran until all
the SAM was injected.
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Results and Discussion
Cloning of NosM
The plasmid originally containing NosM encoded two restriction sites, BsaI and XhoI.
The pSUMO vector also contained a BsaI and XhoI. Digestion of both plasmids resulted in the
digested pSUMO vector (5.2 kb) and the digested nosM gene (170 bp). The corresponding bands
were excised from a 1% agarose gel. The excised bands were ligated using T4 DNA ligase, and
E. coli DH5(α) cells, a strain with high transformation efficiency, were transformed to contain
the resulting construct. Due to the pSUMO vector system conferring kanamycin resistance,
colonies were selected on an LB agar medium containing kanamycin. The DNA was isolated and
sent for sequencing to confirm the presence of the gene.

MWM

200 bp
100 bp

Figure 4.3 Digestion gel of NosM.

NosM
(170bp)
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Overexpression and purification of NosM
The pSUMO vector encodes for an N-terminal hexahistidine (His6) tagged SUMO
protein and confers several advantages with respect to the standard pET vectors. The first
advantage is that the solubility of the protein of interest is enhanced as a result of being
expressed as a fusion to the highly soluble SUMO protein. The second advantage is enhanced
purity after isolation using immobilized metal affinity chromatography (IMAC), which is
facilitated by the N-terminal His6 tag on the SUMO protein. The SUMO protein then can be
excised from the target protein using the protease, Ulp1. Upon reapplication of the Ulp1
catalyzed reaction mixture to the metal affinity column the protein of interest flows through,
while SUMO and proteins that bind nonspecifically to the metal affinity column remain bound.
The final advantage to using the pSUMO vector is that the protease Ulp1 cleaves the fusion
protein in a manner that leaves the target protein with its native N-terminus, meaning that no
additional amino acids are present.76 A native N-terminus could be important for NosM because
the majority. the peptide is used as a recognition site for these post translational modifying
proteins, additional residues on the N-terminal end could interfere with binding.
The SUMO-NosM fusion protein was overproduced in E. coli and was isolated to 80%
homogeneity after using Talon Co(2+) resin. Figure 4.4 shows an SDS-PAGE gel used to analyze
the purity of NosM. Lanes 7 and 8 show NosM after elution off the Talon Co(2+) column. The
SUMO-NosM fusion protein appears to run at a higher mass than expected, as well as suffering
from proteolysis form the C-terminal end. Figure 4.4 shows the purity of the protein after
treatment with Upl1. Because coomaisse brilliant blue (CCB) binds positively charged and
hydrophobic amino acids, it does not stain NosM well. 77 NosM contains a number acidic amino
acids and only has a couple positive amino acids. That is why there is a disconnection between
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the band intensities of SUMO and NosM. The flow through contains both SUMO and NosM.
This is most likely due to the column the cut SUMO saturated the column, such that the extra
flowed through with NosM. Reapplying the flow through to a clean Talon Co(2+) column
yielded purer protein.
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Figure 4.4 Left: Overproduction and purification of SUMO-NosM. Lane 1, molecular mass
markers (kDa); lane 2, pellet; lane 3, crude extract; lane 4, flow through from Talon Co(2+)
column; 5, wash from Talon Co(2+) column 6, second wash from Talon Co(2+) column; lane 7
and 8, eluted protein at 2 different concentrations. Right: Cleavage of SUMO-NosM. Lane 1,
Eluate; lane 2, molecular mass markers (kDa); lane 3, flow through.
Cloning of the nosGH genes
Using thiomuracin as a model for NOS biosynthesis, the predicted first step of the
biosynthesis of the NOS framework is formation of the thiazole rings. The gene nosG is
annotated as a cyclodehydratase and its gene product would be a prime candidate for the

installation of the five thiazoline rings, which are the precursors for thiazole ring formation.36
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Based off the in vitro biosynthesis of thiomuracin, NosG should also require an auxiliary binding
protein to bind the precursor peptide and guide it to the five cysteines that are targeted for
cyclodehydration.78 No gene in the NOS operon has been annotated as an auxiliary binding
protein, but the gene nosH, which has not been attributed a function, exhibits 21% sequence
identity with the thiomuracin auxiliary binding protein. Therefore it is likely that NosH is the
auxiliary binding partner for NosG.

MWM
2000 bp

NosG (1980 bp)

1000 bp

NosH (1974 bp)

Figure 4.5 Digestion gel of NosG (left) and NosH (right). The lower band corresponds to the
gene of interest and was excised.
The genes nosG and nosH were originally encoded in the two separate pMK-RQ
plasmids. Each plasmid encoded two restriction sites, NdeI and XhoI. Digestion of both plasmids
resulted in the digested pMK-RQ vector and the digested nosG gene (1980 bp) and the digested
nosH gene (1974 bp). The corresponding bands were excised from a 1% agarose gel. The excised
bands were ligated using T4 DNA ligase, and E. coli DH5(α) cells were transformed to contain
the resulting construct. Due to the pET-28a vector system conferring kanamycin resistance,
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colonies were selected on an LB agar medium containing kanamycin, grown for DNA
isolation. The isolated DNA was sent for sequencing to confirm the presence of the gene.
Overexpression and purification of NosG
The nosG gene was overexpressed as a construct in pET-28a which allows the
corresponding protein to be produced with an N-terminal His6 tag for purification by IMAC. The
isolated protein, however, was relatively impure after isolation with Talon Co(2+) resin as judged
by SDS PAGE (Figure 4.6, Lane 7) As can be observed, the elution containing NosG (~67 kDa)
also contains a number of contaminating proteins. Further optimization of overexpression and
purification must be performed to improve the yield and purity of NosG.
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Figure 4.6 Overproduction and purification of NosG (~67 kDa). Lane 1, molecular mass
markers (kDa); lane 2, pellet; lane 3, crude extract; lane 4, flow through from Talon Co(2+)
column; 5, wash from Talon Co(2+) column 6, second wash from Talon Co(2+) column; lane 7,
eluted protein.
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Overexpression and purification of NosH
The nosH gene was overexpressed as a construct in pET-28a, which allows the
corresponding protein to be produced with an N-terminal His6 tag for purification by IMAC.
Lane 6 of Figure 4.7 shows the protein after purification using Talon Co(2+) resin. There is very
little protein present (~67 kdA), and a number of other contaminating proteins are also
noticeable. A major band corresponding to the size of NosH is present, however, in the flow
through (Figure 4.7, Lane 4), from the Talon Co(2+) column. This suggests that the N-terminal
His6 tag on NosH is buried in the protein and is not accessible to bind the resin. This problem
could be by moving the hexahistidine-tag from the N-terminus of the protein to the C-terminus
via expression in pET-26b, or overproducing the protein in its native state and purifying it by
conventional chromatographic methods.
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Figure 4.7 Overproduction and purification of NosH. Lane 1, molecular mass markers (kDa);
lane 2, pellet; lane 3, crude extract; lane 4, flow through from Talon Co(2+) column; 5, wash
from Talon Co(2+); lane 6, eluted protein.
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Overexpression and purification of NosN
NosN was overproduced with an N-terminal His6 tag in E. coli.75 Because NosN has an
oxygen sensitive cofactor, it was purified in an anaerobic glove box. Figure 4.8 shows a typical
NosN purification gel using Talon Co(2+) resin. To ensure that NosN has complete cluster
incorporation for ITC, the cluster was chemically reconstituted and the protein as re-purified by
size exclusion chromatography. An iron and sulfide analysis was performed to determine the
cluster content per protein. There were 5.0 ± 1.060 Fe and 6.0 ± 0.35 S per protein, indicating a
full cluster, and some excess Fe and S bound. The UV scan also supports the presence of a
cluster qualitatively. Along with the typical 280 nm λmax, the spectrum of NosN also contains a
shoulder at around 410 nm. This is a characteristic feature of proteins with a [4Fe-4S] cluster.
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Figure 4.8 Right: Overproduction and purification of NosN. Lane 1, molecular mass markers
(kDa); lane 2, pellet; lane 3, crude extract; lane 4, flow through from Talon Co(2+) column; 5,
wash from Talon Co(2+); lane 6 and 7, eluted protein at 2 different concentrations. Left: UV-vis
scan of NosN wt RCN from 700 to 240 nm.
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NosN isothermal titration calorimetry
ITC was used to experimentally determine how many equivalents of SAM bind to NosN.
The overlying principle of ITC is to measure the changes in the heat over the course of a
titration.79 The instrument contains two cells, a reference and experimental. The reference cell is
kept at a constant temperature during the experiment. The experimental cell is where the titration
occurs. When the titrant is injected into the cell containing the ligand, heat is either released or
absorbed depending on the characteristics of the binding event. Over the course of the titration,
the change in heat will decrease as more and more binding sites of the ligand become occupied.
Once all binding sites are filled, the amount of heat released will not change. Each heat event can
then be integrated and plotted versus. the mole fraction of titrant. By fitting this data to a certain
type of model, the number of binding sites, dissociation, enthalpy, and entropy constants can be
extracted from the titration.
Figure 4.9 shows the titration curve of SAM titrated into NosN. The curve shows two
inflection points, indicating there are two binding events that are not identical, one being
exothermic and the other being endothermic. If the binding sites were equivalent, there would
only be one inflection point, and the inflection point would be shifted to around a mole fraction
of two. The titration was fitted to a two binding-site model, and the extracted parameters are the
following: an N1 of 0.641 ± 0.0783 sites ,N2 of 0.684 ± 0.133 sites, kd1 of 4.39 ± 2.11 µM, kd2 of
19.7 ± 2.13 µM, ΔH1 of -742 ± 482 cal per mol, ΔH2 of 3892 ± 1260 cal per mol, ΔS1 of 22.0 cal
per mol per deg, and a ΔS2 of 34.8 cal per mol per deg. This experiment suggests that NosN
harbors two non-identical SAM binding sites, like HemN. One SAM equivalent binds to the
[4Fe-4S] cluster to form the 5′-dA•, which abstracts a hydrogen atom from the second equivalent
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of SAM which is bound adjacent to the first, to form a methylene radical that undergoes
addition to C4 of the indole moiety.

Figure 4.9 ITC titration of 220 µM NosN and 3.2 mM SAM. The first point (red) was ignored.

Conclusions
Three proteins, NosM, NosG, and NosH, have been cloned, overexpressed, and purified
for investigating the substrate of NosN. For NosM, an additional purification step using anionexchange chromatography should increase the purity of the isolated peptide, as its pI is 3.82. The
SUMO-NosM fusion protein results in the isolation of the native form once excised using the
protease Upl1. This should prevent any complications that might arise if there was a His6 tag.
The genes encoding the first two proteins that are believed to be responsible for thiazoline
formation have their fair share of purification problems. Additional work on NosG to isolate
purer protein in higher amounts, such as optimizing over expression, or additional purification
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steps. The His6 tag on NosH will be moved to the C-terminal end to determine if that construct
facilitates better binding to the metal affinity resin.
NosN was overproduced and purified to experimentally determine the number of SAM
binding sites NosN has. Using ITC and fitting the titration to a two binding-site model provides
evidence that NosN does indeed bind two equivalents of SAM. Furthermore, the sites are nonidentical, supporting the notion that one equivalent of SAM binds to the cluster and is the
initiator of radical chemistry. The other equivalent of SAM binds presumably binds adjacent to
the first SAM molecule, so that one of its hydrogen atoms is primed to be abstracted to initiate
the transfer of a carbon unit to C4 of the indole moiety.
In addition to cleaning up and optimizing the purifications for NosG and NosH, the rest
of the nos genes responsible for maturating the framework have to be overexpressed and their
gene products purified. By iteratively assaying each step of the pathway, using the biosynthesis
of thiomuracin as a model, with the proteins, NosI, NosJ, and NosK, that are responsible for
installing the indole moiety from MIA, the substrate for NosN can be determined. This will
allow for a more rigorous characterization of NosN and its mechanism can be studied more in
depth.
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