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Abstract 
 

Nature provides us with a wealth of natural product molecules and biological catalysts that 

represent a rich source of new life-saving pharmaceutical medicines and biotechnological tools for 

green chemistry. The synthetic challenges associated with derivatizing natural product molecules 

to access new and improved analogues present a new opportunity for protein and substrate 

engineering to develop robust biocatalytic methods. Bacterial iterative cytochrome P450 enzymes 

can perform late-stage C-H oxidation reactions on complex natural product scaffolds with 

exquisite levels of regio-, stereo- and chemoselectivity. These biocatalytic systems represent 

chemically useful tools for selective and multi-step oxidation cascades to facilitate access to 

structural diversification. Furthermore, tapping into unexplored biologically rich environments can 

enable the discovery of novel and structurally intriguing natural product scaffolds and the 

biocatalytic enzymes responsible for their biosynthesis and late-stage functionalization. Hence, 

discovery, characterization and engineering of new bioactive molecules and biocatalysts can 

advance medicine and biotechnology for improvement of human health and sustainable chemical 

transformations.  

Most of the studies presented in this thesis focus on characterizing and engineering the 

multifunctional bacterial P450 TamI to elucidate its substrate binding mechanism and apparent 

stepwise reaction order, as well as alter the step sequence, native regio-, chemo- and 

stereoselectivity, and number of reactions catalyzed. This was completed successfully with the 

design of a toolbox of TamI biocatalysts that override the innate substrate reactivity in a catalyst-

controlled fashion, catalyzing the biosynthesis of five novel tirandamycin congeners that display 

previously unreported bioactivities against human pathogens.  

The ability of P450 TamI for catalyzing selective and mechanistically divergent oxidative 

pathways prompted us to elucidate TamI’s catalytic cycle. This work revealed that the enzyme 

uses multiple catalytically active oxidant species for its iterative oxidative cascade towards the 

formation of two of the new tri-oxidized tirandamycin congeners. This versatility motivated us to 

explore TamI’s scope for oxidizing unnatural bicyclic scaffolds using a substrate engineering 
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approach. Guided by structural and biochemical results, synthetic analogues were made and tested 

in enzymatic assays to learn that P450 TamI can recognize, bind and turnover substrates with 

tirandamycin-like bicyclic moieties that harbor a cyclic ring at the tail of the molecule, even if 

missing the tetramic acid functionalities, but cannot oxidize a different bicyclic scaffold. The in-

depth investigation of P450 TamI-mediated catalysis provides a foundation for future protein and 

substrate engineering efforts to manipulate iterative P450 enzymes to generate powerful 

biocatalysts to produce structurally novel natural product molecules.   

The last part of this work focuses on characterizing the microbial composition of a unique, 

extreme, and biologically rich ecosystem in the Peruvian Amazon, the Boiling River, for future 

genome mining of versatile tailoring enzymes, such as P450 TamI, that display thermostable 

properties for the development of robust biocatalytic systems. Using metagenomics and 

bioinformatic tools, we elucidate the bacterial and archaeal communities in this river, and identify 

samples with unique ecological roles that may translate into novel biosynthetic gene clusters. The 

continued investigation of these meso-, thermo- and hyperthermophiles expands our understanding 

of the biological diversity of fragile environments and builds the groundwork for future genomics 

and metabolic mining to discover new natural product molecules and their biosynthetic enzymes. 

 

 

 
 
 
 
 
 
 
 
 
 



 1 

 
 

 
Chapter 1* 

Introduction and Background 
 

1.1 Natural Products in Medicine 

1.1.1 Medicinal Natural Products: History and Sources 

 Medicinal natural products have been used for thousands of years and throughout multiple 

living generations. Some of the earliest records date back to the period where Homo 

neanderthalensis, also known as Neanderthals, inhabited Europe and Western Asia.1, 2 Closely 

related to humans with up to 99.7% DNA similarity, Neanderthals’ dental plaque DNA provided 

clues that they may have been auto-medicating when ill. Genetic analyses showed co-occurrence 

between dental abscess and diarrhea-causing parasites, and fungal and plant species that produce 

secondary metabolites with pharmaceutical properties including penicillin (anti-bacterial) and 

aspirin (anti-inflammatory).1 These results suggested that Neanderthals may have had traditional 

knowledge on the use of medical natural sources to treat various illnesses.  

 Natural product (NP) molecules and their derivatives occupy a vast chemical space with 

significant structural and chemical diversity. With novel mechanisms of action and potent drug-

like properties, NP molecules have revolutionized modern medicine. As an example, scientists Y. 

Tu, W. C. Campbell, and S. Omura received the 2015 Nobel Prize in Physiology or Medicine for 

discovering plant-derived artemisinin and microbe-derived avermectins, natural product drugs that 

have become essential antiparasitic medicines.3 Additionally, the unique structural scaffolds of NP 

molecules provide continuous inspiration for the development of therapeutic synthetic small 

molecules.  

 As one of the most successful sources of potential drug leads, NPs and their derivatives 

represent approximately 45% of the best-selling pharmaceutical drugs.4-6 These molecules have 

been isolated from multiple natural sources such as animals, marine organisms, plants, fungi, and 

microorganisms (Figure 1.1).7 Famous examples of FDA-approved drugs isolated or derived  
 

* Chapter 1 is included in a manuscript. Espinoza, R.V. and Sherman, D.H. Exploring the molecular basis for 

selective C-H functionalization in plant P450s. Synth. Syst. Biotechnol., 2020, 5(2), 97. 
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from plants include the antitumor agent taxol (originally obtained from Taxus brevifolia) and the 

antimalarial quinine (Cinchona ledgeriana).6 From animal sources, some examples include the 

anticoagulant heparin (from canine liver cells), the gastroenterologic drug ursodiol (from polar 

bear bile) and the blockbuster hypertension-treating drug captopril (inspired on a NP from 

Bothrops jararaca, also known as the Yarara or viper snake).8 From marine organisms, the non-

narcotic ziconotide for severe 

pain (from venom of sea snail 

Conus magnus) and the 

antiviral vidarabine (from 

Caribbean sponge Tethya 

crypta).9 From fungi, the 

chemotherapeutic agent 

paclitaxel (from Penicillium 

raistrickii) and the family of 

cholesterol drugs statins (from 

Penicillium citrinum). Lastly, 

from bacteria, the antibiotics 

chloramphenicol (Streptomyces 

venezuelae) and tetracycline (Streptomyces aureofaciens).10, 11 NP compounds have evolved over 

time as drug-like molecules with complex structures and unusual functionalities, providing new 

opportunities for successful natural-based drug discovery as exemplified above. 

1.1.2 The Present and Future of Natural Products in Drug Discovery 

  Although NP molecules are notoriously abundant in natural environments, less than 10% 

of the world’s biodiversity has been explored for NP bioactivity. This may be due to a combination 

of factors including rediscovery of known compounds and difficulties in obtaining sample 

collection permits that comply with international ethical standards to access unexplored 

biodiversity hotspots. The rise of combinatorial chemistry in the 1980s also led to a critical decline 

in natural product drug discovery research and an increase in synthetic libraries of small 

molecules.5 Additionally, there is evidence that only a minuscule percentage of microbes have 

been successfully grown in the laboratory.12 Current microbial culture techniques have only 

unveiled a small fraction of the world’s microbial biodiversity possible due to the challenge in 

Figure 1.1. Natural product drug discovery workflow.  
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mimicking the naturally occurring microclimate where these microorganisms exist. There is an 

abundant number of microorganisms left to be discovered and studied for their role in biological 

processes and their potential for developing new medicines and biotechnological tools.  

 Recent advances in synthetic biology, bioinformatics, and genomics and metagenomics 

technologies are providing new routes towards previously inaccessible genetic and chemical data 

(Figure 1.1).13 At the genetic level, studying the entire microbial community present in one sample 

(metagenomics), in addition of solely focusing on capturing a small fraction of bacterial isolates 

from the sample (genomics), enables access to rare microbes with intriguing chemical profiles. 

These previously undocumented microorganisms may harbor potentially unknown biosynthetic 

gene clusters that are responsible for producing new molecular scaffolds with novel connectivities 

and functional groups. These techniques also facilitate the discovery of “cryptic” gene clusters, 

genes that are silenced under laboratory growth conditions and that may encode for the synthesis 

of an array of NPs of clinical importance.14 At the biochemical level, we are now able to 

manipulate and engineer specific enzymes associated with the biosynthesis of bioactive NPs to 

facilitate derivatization of the molecules, expand the chemical diversity of structurally related 

compounds, and develop potent catalytic tools for sustainable and green chemistry. Considering a 

frightening increase in antibiotic resistance worldwide, viral pandemics shutting down economies, 

concerning climate changes, and irreversible losses of fragile natural environments and their rich 

biodiversity, it is particularly important that we continue supporting NP drug discovery and 

monitoring of the producing natural sources, including microbes. Nature has evolved and adapted 

over millions and millions of years and exploring it from a medicinal and ecological perspective 

at the microbial level can inspire us to fight for its conservation while helping make our lives 

better. 

 

1.2 Biocatalysis and C-H Functionalization 

1.2.1 General Biosynthesis of Secondary Metabolites 

 Secondary (or specialized) metabolites are organic NP compounds that provide a 

competitive survival and evolutionary advantage to the producing organism including plants, 

animals, fungi, and microbes. Unlike primary metabolites (amino acids, nucleobases and sugar 

residues), secondary metabolites are not considered critical for the growth and reproduction of the 
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natural producer.15 These NPs have a broad array of ecological functions including the use of 

pheromones as social signaling compounds or siderophores as protective agents that act as 

repellants or toxins. Secondary metabolites are often produced selectively and based on what the 

producer is exposed to during its lifetime and environment.16  

The biosynthesis of secondary metabolites is derived from primary metabolic pathways 

including the shikimic acid pathway and the tricarboxylic acid cycle, where intracellular 

intermediates are condensed into more complex scaffolds. With over 2 million secondary 

metabolites known to science,3, 15 they are commonly classified based on their structure, function, 

Figure 1.2. Biosynthesis of tirandamycin antibiotics. A) Genome sequencing enabled elucidation of 
the tirandamycin biosynthetic gene clusters. Genes are color-coded to indicate enzyme classification 
(blue = PKS or NRPS, yellow = regulatory and resistance genes, red = tailoring enzymes, green = 
unknown function, orange = Dieckmann cyclase). B) Biosynthetic assembly line responsible for 
producing tirandamycin incorporates methylmalonyl-CoA, malonyl-CoA and glycine building blocks. 
Tailoring biocatalysts TamI and TamL (red) oxidize tirandamycin at a late-stage. 
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and biosynthesis. Five major classes exist including nonribosomal peptides, linear and aromatic 

polyketides, alkaloids, terpenoids and steroids and enzyme cofactors.   

Biosynthetic gene clusters (BGC) found within the producer’s genome encode for 

biosynthetic machineries and tailoring enzymes that build these complex secondary metabolites 

using the controlled assembly of biological building blocks (Figure 1.2A). For example, a hybrid 

system comprising large, multi-domain enzymes known as polyketide (PKS) and nonribosomal 

peptide synthases (NRPS) is responsible for building the backbone structure of the microbe-

derived antibiotic tirandamycin (Figure 1.2B).17, 18 Once the scaffold is released from the assembly 

line, free standing and tailoring enzymes located near the core BGC functionalize the molecule 

and install biologically relevant hydroxyl, epoxide, and ketone groups. Insights into the structure 

and mechanisms of these biocatalysts open the possibility for direct (or late-stage) functional group 

modification, including C-H bond functionalization, for the derivatization of NPs to access new 

analogues with improved medicinal properties and molecular stability or novel modes of action. 

Manipulating these biocatalysts using protein or substrate engineering strategies also provides new 

avenues for biocatalytic and environmentally-friend routes towards making new, bioactive 

molecules.   

1.2.2 Chemical and Enzymatic C-H Functionalization 

Many biologically relevant NPs, including pharmacologically important molecules, are 

oxidized hydrocarbons.19 Consequently, achieving selective functionalization of C-H bonds within 

a complex scaffold is one of the most attractive strategies in organic and medicinal chemistry to 

streamline the diversification and derivatization of molecules.19 Hartwig and Larsen describe C-H 

functionalization as the “replacement of an unactivated C-H bond with a functional group”19 

(Scheme 1.1). Using transition metal catalysts,20 chemists can achieve directed C-H 

functionalization, where a pre-existing functional group in the substrate is required to direct regio- 

and stereoselectivity. Diversely, undirected C-H functionalization is accomplished using small-

molecule catalysts21, 22 and does not require coordination or chelation prior functionalization, 

although tuning regioselectiviy can be a challenge. The field of chemical C-H bond activation and 

functionalization has successfully evolved over the last decade,19 however, the downsides of 

current methods are that they often require harsh conditions, the incorporation of a directing group 

into the target molecule,23 or the use of protection/deprotection strategies. These inconveniences 
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add additional time, effort and resources. Additionally, selectivity often results from inherent 

substrate reactivity limiting access to new points of derivatization within the molecule. Thus, late-

stage and selective functionalization of a C-H bond within a complex chemical structure continues 

challenging synthetic and medicinal chemists.  

Alternatively, nature has evolved to overcome these challenges through the use of enzymes 

that play critical roles in a variety of physiological functions and achieve biocatalytic/enzymatic 

C-H functionalization.24 Enzymes, nature’s catalysts, perform specific reactions on particular 

substrates with high degrees of chemo-, stereo-, and regioselectivity and under mild conditions.25, 

26 To achieve exquisite selectivity and efficiency, enzymes bind and position the substrate in a 

precise orientation and geometry towards the oxidizing group, often overriding the inherent 

substrate reactivity. In the words of Breslow, “biochemical selectivity usually reflects such 

orientation, rather than the intrinsic reactivity of the substrate molecule”.27 Unlike small-molecule 

catalysts, biocatalytic technologies can be optimized using rational mutagenesis or directed 

evolution of the enzyme for a specific application, including expanding the substrate scope, 

increasing substrate turnover or 

altering the native selectivity. 

Thus, enzymatic C-H 

functionalization enables direct 

access to structural core 

diversification by accessing 

unreactive C-H bonds, generating 

new sets of analogues with novel 

points of derivatization and 

maximizing product yield. 

Some challenges related to enzymatic catalysis include enzyme instability, the need for 

expensive cofactors, and the high costs associated with enzyme engineering. However, despite of 

these difficulties, industries are increasingly adopting biocatalytic approaches towards the 

synthesis of biologically relevant compounds. A stellar example includes the use of an engineered 

ketoreductase for the large-scale asymmetric reduction of a ketone towards production of 

montelukast sodium, also known as Singulair, a leukotriene receptor antagonist used for treating 

asthma and seasonal rhinitis.28 With a directed evolution campaign, the ketoreductase (CDX-026) 

Scheme 1.1. C-H functionalization strategies. 
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improved catalytic activity from 0.1 g to 100 of product per liter using a lyophilized cell lysate, 

70% organic solvent and 45 °C conditions, at a > 200 kg scale. This enzymatic process provided 

an eco-friendly substitute to the original synthetic route that used a moisture-sensitive chemical 

catalyst with poor atom economy, high levels of corrosivity, and tedious workup conditions. 

Another excellent example involves using a tuned transaminase/PLP enzyme for the generation of 

sitagliptin phosphate, a pharmaceutical used for treatment of type II diabetes, via enamine 

formation and asymmetric hydrogenation. Initially, the desired product was made using a 

chemocatalytic route with 97% e.e. where high pressures were needed for the Rh catalyst to 

function properly and remaining trace amounts of Rh had to be removed to minimize side effects. 

Using a combination of substrate walking, modeling and directed evolution, the engineered 

biocatalyst achieved turnover of 200 g of substrate per liter, with a 99.9% e.e, while reducing 

manufacturing costs and total waste.29 

Biocatalysts represent a renewable, biodegradable and non-toxic alternative approach to 

chemical C-H functionalization methods for the regio- and stereoselective functionalization of C-

H bonds, where atom economy is optimized, and waste minimized. Consequently, biocatalytic C-

H functionalization is a valuable tool for green and sustainable chemistry and holds great promise 

for chemical synthesis.30-33  

 

1.3 Cytochrome P450 Enzymes as Biocatalysts 

1.3.1 History and Structure of P450s 

Highly prevalent in nature, cytochrome P450 enzymes are powerful biocatalysts for 

selective C-H functionalization.19 These enzymes contain a cysteine-ligated heme-iron center and 

efficiently catalyze the activation of inert C-H bonds within complex molecules for a plethora of 

transformations with exquisite regio-, chemo- and stereoselectivity.34 Few synthetic strategies 

approach the levels of efficiency achieved by P450s, inspiring chemists to engineer these enzymes 

into potent biocatalysts with maximized synthetic utility for the production of valuable 

molecules.27 

Identified in the 1950-60s,35 P450s were first described as an unknown CO-binding 

pigment within liver microsomes of rabbits that is responsible for the oxidation of xenobiotic 
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molecules and that absorbs at 450 nm. Subsequent research establishes that cytochrome P450 

enzymes are found in all forms of life including humans, plants, fungi, viruses, insects, bacteria, 

yeasts, nematodes, and mollusks, with over 350,000 CYP genes reported to date.36 P450s are 

divided into families based on sequence identity at the family and subfamily levels.37 This P450 

nomenclature system facilitates communication across various disciplines involving the study of 

P450 enzymes and shows evolutionary relationships among P450 genes.   

Cytochrome P450s catalyze essential chemical transformations that play important roles in 

xenobiotic degradation, hormone metabolism, drug interactions and secondary metabolism 

responsible to produce natural product molecules. For example, the catalytic activity of P450s is 

key in plant metabolism where they have been reported to participate in herbicide detoxification 

via dealkylation or hydroxylation reactions, 

enabling herbicide tolerance to develop in crops.38 

Their role in human metabolism is also 

noteworthy. For instance, human CYP3A4 

displays high level of substrate promiscuity and 

metabolizes many xenobiotic pharmaceuticals, 

making this P450 a key target candidate for further 

pharmacodynamics studies.39 The repertoire of 

chemical reactions that P450s catalyze for their 

key role in biological processes is vast and 

includes C-H hydroxylation, desaturation and 

nitration, aromatic hydroxylation, N-

hydroxylation, alkene epoxidation, 

dehydrogenation, dealkylation, rearrangement, 

cyclopropanation, C-C and C-N bond formation, 

and C-S and C-O bond formation. Additionally, 

some P450-catalyzed transformations, such as 

stereoselective hydroxylation, can be PCP or 

ACP-dependent.40 

Starting with the first solved structure of a 

cytochrome P450 enzyme in 1985 (bacterial 

Figure 1.3. General P450 structure. A) The 
solved crystal structure of P450 TamI with 
important helix motifs labeled. B) Heme ligand in 
P450s. The 5th ligand refers to the highly 
conserved cysteine residue, and the 6th ligand 
indicates a non-covalently bound ligand like 
water. 
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P450cam, CYP101A1),35 investigation of the crystal structures of P450s shows that the structural 

overall fold of these enzymes is maintained. Even when sharing a low sequence identity, P450s 

display a triangular prism shape with the active site buried in the center. The secondary structure 

elements of the enzyme comprise approximately 12 or 13 α-helices and 4 or 5 β-sheets.35 Helices 

F and G and its connecting F/G loop are known to be critical for closure of the P450 active site 

upon substrate binding while the I helix, the longest helix, typically contains the conserved acid-

alcohol pair that is important for oxygen activation. The B and C helices and B/C loop are highly 

divergent and can influence substrate binding and selectivity.  

In 1964, Omura and Sato identified the heme ligand in P450s as heme β containing an iron 

protoporphyrin IX ring moiety.35 The four equatorial and inward facing pyrrole nitrogen atoms of 

the planar protoporphyrin ring stabilize the centrally bound iron atom (Figure 1.3B). Two 

additional ligands located at axial positions, including the highly conserved thiol ligand, are also 

available for interaction and contribute to the heme iron stabilization. Known as the fifth ligand, 

the negatively charged thiolate sulfur atom of the cysteine residue links to the positively charged 

iron atom and is essential for the “push-pull” mechanism in P450s. The donating thiolate plays a 

role in regulating the rate constant and energetic barriers required for oxygen activation and 

hydrogen abstraction and influences the various redox states that the iron may access during the 

P450 catalytic cycle.41 The sixth coordinate site is often occupied by a non-covalently bound and 

replaceable ligand such as water, molecular oxygen, a P450 substrate or inhibitor.  

1.3.2 P450 Mechanism 

The P450 catalytic cycle involves a myriad of transient iron intermediate species that 

alternate mostly between the ferric (Fe3+) and the ferrous states (Fe2+), and spend a short time in 

the hypervalent Fe4+ oxidation state.41 First, the substrate binds to the active site in the heme 

domain, displacing the water molecule that acts as a sixth ligand (Scheme 1.2) This binding step 

stimulates a conformational change in the active site and induces transition of the iron from a low 

to a high spin ferric species, where the outer orbital of the iron contains one or more unpaired 

electrons. The shift to a high spin state can be observed spectrophotometrically upon substrate 

binding and measured to calculate the % spin shift of the enzyme. This ferric iron form facilitates 

the first electron transfer from the redox protein partner(s) to the heme group in the presence of 

NAD(P)H leading to reduction of the iron to the ferrous state. Once in this form, molecular oxygen 
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binds covalently to the iron at the 

sixth axial position activating the 

oxygen and generating the ferric-

superoxy species. Uncoupling can 

occur at this step from 

dissociation of the iron-oxygen 

bond releasing anion superoxide 

radicals (auto-oxidation shunt 

pathway). The second electron is 

transferred reducing the dioxygen 

to the negatively charged, 

nucleophilic and short-lived 

peroxide iron form. Next, a proton 

relay system (comprising a 

conserved acid-alcohol pair, amino acid side chains and water molecules in the active site) 

facilitates the delivery of two protons in a sequential fashion. Upon the first proton transfer, the 

ferric hydroperoxyl species (known as Compound 0 or Cpd 0) is formed. If protonation of Cpd 0 

occurs, hydrogen peroxide gets released as an uncoupled product (peroxide shunt pathway). The 

second proton delivery facilitates cleavage of the O-O bond, releasing a water molecule and 

generating the highly reactive, ferryl oxo Compound I species (Cpd I). This iron form is considered 

the main oxidizing species in the P450 catalytic cycle responsible for C-H hydroxylation via the 

oxygen bound mechanism, where the active oxidant abstracts a hydrogen from the substrate 

followed by radical recombination and generation of the oxygenated product.41 Double reduction 

and double protonation of Cpd I can take place forming water as a side product (oxidase shunt 

pathway). Finally, water occupies the sixth coordination site again, turning the enzyme to its 

original resting state.  

1.3.3 P450 Classification and Redox Partner Systems 

Cytochrome P450 enzymes employ redox partner enzymes to sequentially transport 

electrons from NAD(P)H to the P450 heme center for oxygen activation and catalytic activity.31 

Different protein domain systems have been described in the literature for P450-catalyzed 

reactions including three-, two- and one-component architectures (Figure 1.4). Most of the known 

Scheme 1.2. P450 catalytic cycle. Uncoupling pathways are shown 
in dashed arrows. 
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bacterial P450s, including P450cam, utilize a three-protein system where each enzyme is 

expressed from a different gene but function synergistically for substrate turnover.35 Some 

eukaryotic mitochondrial P450s have also been described where the P450 is bound to the inner 

mitochondrial membrane through the N-terminus. This system includes a ferredoxin reductase 

domain, a ferredoxin containing an iron-sulfur cluster and a P450 constituent. As an example, 

P450cam has an FAD-dependent ferredoxin reductase (putidaredoxin reductase) and a 2Fe-2S 

ferredoxin iron-sulfur cluster (putidaredoxin). The two-component system uses a cytochrome 

P450 reductase (also known as CPR) that binds to FAD and FMN for electron transport. The CPR 

component evolved from a fusion between a ferredoxin reductase and a 2Fe-2S ferredoxin, where 

FMN binding replaced ferredoxin binding.42 P450s using a two-protein architecture are most found 

in the endoplasmic reticulum membranes of eukaryotic species such as rabbit-derived P450 

CYP2B4,43 and hence, their recombinant expression is often challenging. Some examples of self-

sufficient P450s have been reported where the P450 domain is joined to the electro-donating 

partner CPR via a peptide linker, such as in the case of bacterial P450-BM3 from Bacillus 

megaterium.25 Although less abundant, P450s using a one-protein system offer distinctive 

advantages for industrial 

biocatalytic applications.   

Given the 

challenging feat of finding 

and characterizing the genes 

encoding for the native 

electron transport proteins 

within a genome, 

heterologous redox partner 

constructs are often utilized. 

An example includes the 

common use of ferredoxin 

and ferredoxin reductase 

enzymes from Spinacia 

oleracea (spinach) in the 

laboratory for transporting 

Figure 1.4. P450-catalyzed systems. A) Three-protein domain 
architecture includes a ferredoxin reductase, a ferredoxin containing an 
iron-sulfur cluster, and a P450. B) Two-protein system includes a P450 
domain and a cytochrome P450 reductase (CPR). C) Self-sufficient P450 
systems where the CPR constituent is covalently linked to the P450. 
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electrons to a free-standing P450.44 Alternatively, the requirement for expensive separate protein 

partners can be bypassed by covalently genetically linking the P450 to a reductase system. The 

Sherman Laboratory at University of Michigan has previously generated catalytically self-

sufficient biosynthetic versions of bacterial P450s by fusing the P450 constituent to the reductase 

domain (RhFRED) of P450RhF from Rhodoccocus sp. NCIMB 9784.40.34 This genetic 

engineering strategy facilitates harvesting and purification of proteins required for enzymatic 

reactions, lowering costs and manual labor efforts.   

1.3.4 P450s in Late-Stage Natural Product Diversification 

1.3.4.1 Iterative Oxidation Cascades in Microbial P450s 

The hallmark reaction of cytochromes P450 is the single oxidation of a C-H bond,25, 45 but 

a few multifunctional P450s that carry out iterative oxidation reactions have been identified. 

Multifunctional P450s can perform multiple consecutive oxidation reactions on the same core 

scaffold (Table 1.1).  

 

A large variety of multifunctional P450s able to catalyze three or more oxidation steps are 

monooxygenases of plant46 or fungal47, 48 origin such as P450 Tri4 (also known as CYP58) from 

the Fusarium sporotrichioides fungal plant pathogen. P450 Tri4 catalyzes four stepwise oxidation 

Table 1.1. Select iterative P450 enzymes. These multifunctional enzymes perform 2 or more 
consecutive oxidation reactions on a single substrate. 
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reactions including three methylene and allylic hydroxylation steps and one epoxidation reaction 

on the trichodiene natural product (Figure 1.5) to generate isotrichotriol towards formation of the 

mycotoxin trichothecene skeleton. Although versatile, these P450s are often challenging to 

heterologously express and structurally characterize.49 Therefore, investigating their more 

accessible bacterial counterparts can provide insights into the oxidative mechanism and versatile 

capabilities of multifunctional P450s. Shining examples of bacterial multifunctional P450s include 

MycG70 and GfsF,50 both of which can catalyze up to two successive C-H oxidation reactions 

(Scheme 1.3). P450 MycG performs an allylic hydroxylation on the mycinamicin macrolide 

antibiotic (in the carbon atom located beta from the O-linked javose) followed by an alkene 

epoxidation in neighboring carbons. Work by Yang et. al. showed that this dual cascade occurs in 

a strict order given that MycG could not oxidize a substrate analogue harboring an epoxy group 

but lacking a hydroxyl moiety.51 Contrarily, P450 GfsF first epoxidizes macrolide FD-892 

followed by a hydroxylation step to yield FD-891 without substrate promiscuity detected.50 

To date, only one bacterial multifunctional P450 enzyme able to perform up to three 

oxidation reactions on the same scaffold has been reported (Figure 1.5).18 This exceptionally 

versatile P450, TamI, performs successive epoxidation and hydroxylation reactions in an iterative 

cascade with the flavin oxidase TamL, leading to the oxidative tailoring of the bicyclic ketal moiety 

of tirandamycin antibiotics in the actinomycete Streptomyces sp. 307-9 (Figure 1.2).18 Although 

collectively they are capable of oxidizing a broad range of substrates with precise selectivity, 

individual P450s often show high levels of substrate specificity,52 limited stability, and low 

turnover rates, particularly towards unnatural substrates, thus limiting the scope of their 

applications in synthetic chemistry.33, 53 Extensive studies with P450-BM3 and P450cam have 

shown that the regioselectivity profile and substrate scope of P450s may be altered through 

mutagenesis,54, 55 highlighting the ability of these powerful enzymes to address challenges faced 

by many small-molecule catalysts.25 However, besides these model cases, a very limited number 

of bacterial P450s have been extensively studied and re-engineered to improve their catalytic 

properties and broaden their substrate scope.31, 56, 57 

Inspired by prior efforts to engineer bacterial P450s to partially overcome their 

limitations,52, 58 the Sherman and Montgomery laboratories in University of Michigan have 

previously exploited the active site selectivity, substrate anchoring mechanism, and substrate 

promiscuity of the bacterial P450 PikC from the pikromycin biosynthetic pathway.56, 57 Using 
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protein and substrate engineering methods, they generated a potent C-H bond activation catalyst 

that displays remarkable regio- and stereoselectivity and exceptionally broad substrate scope.56 In 

spite of the development of these P450-based C-H functionalization biocatalysts, they mostly 

remain limited to catalyzing mono-oxidation reactions. Therefore, investigating multifunctional 

monooxygenases capable of performing multiple oxidative steps is necessary to further probe and 

expand the utility of P450s as biocatalysts.59 While the versatile capabilities of multifunctional 

P450s hold great promise for employment as C-H bond activation catalysts, they remain 

underexplored in terms of function and structure.41 Thus, exploring the unique catalytic 

promiscuity of bacterial multifunctional P450 enzymes and expanding their substrate scope via 

protein and substrate engineering efforts can broaden the synthetic utility of these enzymes and 

further probing the utility of P450s as biocatalysts. The fine-tuned P450s may then be utilized as 

late-stage iterative biocatalysts to perform selective C-H functionalization reactions and produce 

complex molecules via chemoenzymatic methods,60 thereby facilitating access to new structural 

motifs34 that may be extremely challenging to acquire by conventional synthetic methods.  

Scheme 1.3. Iterative oxidative cascades by P450 enzymes. A) Fungal P450 Tri4 generates isotrichotriol 
in four consecutive oxidation reactions. B-C) Dual-function bacterial P450 enzymes MycG and GfsF 
catalyze epoxidation and hydroxylation of macrolide antibiotics. D) Bacterial P450 TamI catalyzes two 
hydroxylation and one epoxidation of tirandamycin natural products generating bioactive tirandamycin B. 
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1.3.4.2 Selective C-H Functionalization in Plant P450s 

Many plant P450s are of industrial relevance in the production of pharmaceuticals, 

fragrances, pesticides, and vitamins, yet few have been employed commercially.61 Key examples 

include the P450 CYP71AV1 used for large-scale production of the antimalarial drug artemisinin, 

and CYP75 enzymes exploited for their differential hydroxylation abilities to manipulate color 

patterns in top-selling flowers.62 These cases illustrate a minuscule portion of the synthetic 

potential of P450s.  

Unveiling the molecular basis for selective C-H oxidation in plant-derived P450s can 

facilitate their engineering towards increased commercial applications. However, despite their 

widespread occurrence,61, 63 little is known about the basis for their late-stage selectivity given the 

limited number of crystal structures available.64 Contrary to bacterial P450s, which are generally 

soluble and expressed in high levels,62, 63 most plant P450s are found in low yields in native tissues 

complicating their isolation. Moreover, they are typically membrane-bound through the N-

terminus in the endoplasmic reticulum (Figure 1.5), and insoluble when produced in bacterial 

expression systems such as Escherichia coli.61 Other challenges include the need for co-expression 

of native reductase partners, proper incorporation of the heme co-factor, differences in codon 

preference and genetic instabilities when large or multiple plasmids are employed.65 Eukaryotic-

based heterologous hosts exist, including Saccharomyces cerevisiae and Pichia pastoris, yet 

similar challenges remain.   

In a recent ACS Catalysis article,66 authors Chun Li and co-workers highlight an interesting 

avenue towards the rational engineering of plant P450s that are difficult to express in vitro. This 

work deepens our understanding of the selectivity and iterative mechanism involved in the 

biosynthesis of medicinally relevant molecules. Elucidating the role P450s play in functionalizing 

plant natural products is fundamental for guiding engineering efforts towards improving the 

performance of these enzymes. This may include redirecting the selectivity of the biocatalyst, 

designing self-sufficient P450-redox partner chimeric fusions, allowing the use of light-driven 

cofactor regeneration processes, or enabling new-to-nature chemical reactions.67 

The work of Chun Li et al.66 was focused on decoding and fine-tuning the molecular factors 

controlling selectivity and iterative oxidation in the CYP72A63 from Medicago truncatula towards 

the synthesis of high-value, bioactive licorice triterpenoids. When efforts towards expressing 
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CYP72A63 in E. coli failed, Chun Li et al. engineered a yeast strain to produce 11-oxo-β-amyrin 

in vivo by introducing the genes responsible for its biosynthesis along with CYP72A63, which was 

previously determined to synthesize glycyrrhetinic acid from 11-oxo-β-amyrin. Although 

efficient, the P450 does not catalyze formation of glycyrrhetinic acid selectively as other 

intermediates and by products, including glycyrrhetol, glycyrrhetaldehyde and 29-OH-11-oxo-β-

amyrin, are also generated. Based on this catalytic promiscuity, Chun Li et al. postulated that key 

residues in the P450 active site may govern selectivity.  

 

Although recombinantly producing plant P450s is challenging, there is an increasing 

number of strategies to do so (Figure 1.5). Truncating the membrane-anchoring segment can 

increase the solubility of a P450 as exemplified by Nagano et al. in their work to crystallize the 

plant CYP90B1.64 If this deletion approach adversely impacts the ability of the P450 to couple 

with CYP reductase for electron transfer, modifying the transmembrane helix is an alternative 

option.5 In some cases, the need of P450s for NADPH, which is provided by the reductase, can 

stress an organism leading to metabolic imbalances. Although often low yielding, this can be 

Figure 1.5. Engineering plant P450s. A) Location of a membrane-bound P450 (catalytic domain in red 
and membrane anchor in green) and CYP reductase within an eukaryotic cell. B) Methods to enable 
production of recombinant plant P450 enzymes. 
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resolved by co-overexpressing the reductase or creating the corresponding P450 fusion protein. 

Co-expressing chaperones to facilitate protein folding can also promote protein expression. 

Additional approaches include media supplementation and optimization of cultivation parameters 

such as pH, temperature and dissolved oxygen concentrations.5 Generally, the S. cerevisiae 

expression system leads to higher yields of P450s in comparison to E. coli and P. pastoris, although 

the use of novel photosynthetic hosts such as cyanobacteria is becoming more prevalent.68 It is 

important to consider that prior to rigorously characterizing P450s in vitro, transient expression 

systems can provide insightful, rapid information into the biochemical function of these 

enzymes.69 

In the absence of crystallographic data, indirect methods such as molecular modeling serve 

to investigate substrate docking in a P450 active site.67, 69, 70 To enable structure-based engineering 

of CYP72A63, Chun Li et al.66 created homology models of the enzyme for docking with 11-oxo-

β-amyrin and glycyrrhetol. This led to the identification of nine active site residues, of which two 

had been previously reported,70 hypothesized to impact the differential oxidation patterns 

observed. Using site-directed and site-saturation mutagenesis, the investigators gained valuable 

information on the structure-function relationship of the P450 and engineered variants that fine-

tune catalytic activity, regio- and chemoselectivity. In comparison to wild type CYP72A63, the 

T338S mutant increases the distance between the C-29 hydrogen and the heme iron, resulting in 

complete regioselectivity for the C-30 position and enhanced iterative abilities, producing 

glycyrrhetinic acid at a 7-fold higher level (Figure 1.6). Reversing regioselectivity to favor C-29 

oxidation, the L398I mutant facilitates a 180° rotation of the substrate leading to exclusive 

formation of 29-OH-11-oxo-β-amyrin. With increased hydrophobicity, the CYP72A63 mutant 

L509I changes substrate accessibility into the active site, altering the chemical output and 

selectively producing glycyrrhetol in a 90.6% yield. Given that efforts to design a variant that 

selectively generates glycyrrhetaldehyde were not fruitful, the researchers screened heterologous 

CYP reductases and determined that co-overexpressing GuCPR2 from Glycyrrhiza uralensis with 

CYP72A63 selectively produces the aldehyde in an 82.3% yield.66 By exploring the versatile 

catalytic potential of CYP72A63, the authors accentuate the value of plant P450s as essential tools 

for late-stage oxidation of triterpenoid molecules, providing an excellent starting point for 

additional engineering of related enzymes.  
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Increasing technologies for the in silico, in vitro and in planta characterization of plant-

derived P450s61, 65, 68, 69 will 

continue to unveil the 

molecular factors governing 

their selectivity in C-H 

functionalization. The 

article of Chun Li et al.66 

demonstrates the potential 

of plant P450s for protein 

engineering and expanding 

the synthetic abilities of 

these biocatalysts. Future 

work will undoubtedly 

reveal their increasingly 

important role for 

introducing late-stage 

structural diversity in 

complex chemical scaffolds.   

1.4 Thesis Outline 

My doctoral thesis has focused on the investigation of key tailoring enzymes involved in 

the biosynthesis of pharmaceutically relevant NPs, and their producing microbial organisms. Most 

of my efforts were dedicated to studying the bacterial cytochrome P450 enzyme TamI involved in 

tirandamycin biosynthesis. Using protein and substrate engineering strategies, I manipulated the 

enzyme to alter its native oxidative reactivity and selectivity, expand its substrate scope, access 

new bioactive tirandamycin analogues, and develop sustainable biocatalytic technologies for 

challenging oxidation reactions. Structural and biochemical data led us to hypothesize that P450 

TamI could be manipulated to evolve unique selectivities, enhance iterative capabilities and 

generate novel compounds that could not be accessed using current synthetic methods. I also 

pursued a follow-up study to identify the active oxidant species in P450 TamI responsible for its 

multi-step catalytic nature involving mechanistically distinct oxidative pathways. This work 

involved in depth kinetic and computational characterization, leading to the discovery that iterative 

Figure 1.6. P450 involved in rare triterpenoid biosynthesis. Plant 
P450 CYP72A63 was engineered towards the selective synthesis of 
licorice triterpenoid natural products. 
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P450 TamI uses multiple oxidizing species to produce a unique tri-oxidized decorative pattern in 

tirandamycin. With detailed mechanistic and structural elucidation, my research work has built a 

framework for future engineering efforts of P450 enzymes as powerful biocatalysts for late-stage 

oxidations. 

Lastly, I was grateful to receive a competitive research grant from National Geographic 

Society to build upon and continue a long-standing collaboration with Universidad Nacional 

Agraria La Molina in Lima Perú, a partnership that was initiated by my mentor Dr. David H. 

Sherman over a decade ago. I collaborated with a Peruvian graduate student in the Laboratory of 

Mycology and Biotechnology, Felipe Huanachín Carahuanco, to perform the first large-scale 

microbial biodiversity assessment of a unique and fragile extreme natural environment within the 

Peruvian Amazon Rainforest. We also collaborated with geologist and director of the Boiling 

River Project,71 Andrés Ruzo, to measure physico-chemical parameters, inform our studies with 

environmentally relevant geological hypotheses and safely and respectfully access the area of 

study for sample collection. Additionally, the Life Sciences Institute at University of Michigan, 

Dr. Sherman and I worked closely with the Peruvian Government to obtain all collection and study 

permits complying with international ethical standards of research (further described in Chapter 

5). Collaboratively, we described the microbial structure and composition of the Peruvian Boiling 

River, and how the unique microclimates found along the course of the river (including elevated 

temperatures and sulfur-rich geochemical features) influence the local microdiversity. With a geo-

genome mining approach, this work led us to identify key environmental samples that may harbor 

microbial species new to science with previously unknown gene clusters that may produce 

structurally intriguing secondary metabolites. This project builds a foundation for future microbial 

biodiversity monitoring of Amazonian ecosystems for targeted NP drug discovery research and 

conservation efforts. 
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Chapter 2* 
Investigating and Engineering P450 TamI as an Iterative Biocatalyst for 

Late-Stage C-H Oxidation of Complex Natural Products 
 

2.1 Introduction to the Tirandamycin Family of Tetramic Acid Antibiotics 

2.1.1 Discovery of Tirandamycin Natural Products 

Tirandamycin comprises a small family of structurally intriguing dienoyltetramic acid-

containing natural products1 and is structurally similar to the antibiotic streptolydigin.  Originally 

discovered in 1971,2 a total of 15 tirandamycin congeners have been reported from various 

sediment and terrestrial derived-bacterial species including the marine isolate Streptomyces sp. 

307-9 (Figure 2.1). Most tirandamycin molecules differ in the extent of oxidative decorations in 

the bicyclic ketal moiety with a few congeners harboring an O-linked sugar motif. We previously 

characterized new intermediates tirandamycin C (1), E (2) and D (3), in search of lead molecules 

against the vancomycin resistant Enterococcus faecalis (VRE) and determined that the heavily 

oxygenated bicyclic ketal moiety of tirandamycin as seen in tirandamycin A (4) and B (5) is key 

to bioactivity.3  

2.1.2 Biological Applications and Mode of Action of Tirandamycin 

Biological properties reported for tirandamycin metabolites include potent in vitro activity 

against lymphatic filariasis-causing Brugia malayi adult parasites,4 anti-VRE properties,5 

inhibition of the futalosine pathway (an operative pathway in Helicobacter pylori)5 and specific 

anticancer effects in a Drosophila tumor model by inhibition of asparaginyl-tRNA synthetase.6 

The mode of action of tirandamycin mimics that of streptolydigin. Similar to the latter, previous  

 
 
* Chapter 2 is included in two manuscripts. 1) Newmister, S.A., Srivastava, K.R., Espinoza, R.V., Caddell 
Haatveit, K., Khatri, Y., Martini, R.M., Garcia-Borràs, M., Podust, L.M., Houk, K.N. and Sherman, D.H. 
Molecular basis of iterative C–H oxidation by TamI, a multifunctional P450 monooxygenase from the 
tirandamycin biosynthetic pathway. ACS Cat., 2020, 10(22), 13445-13454.; 2) Espinoza, R. V., Haatveit, K.C., 
Grossman, S.W., Tan, J.Y., McGlade, C.A., Khatri, Y., Newmister, S.A., Schmidt, J.J., Garcia-Borràs, M., 
Montgomery, J., Houk, K.N. and Sherman, D. H. Engineering P450 TamI as an Iterative Biocatalyst for Selective 
Late-Stage C–H Functionalization and Epoxidation of Tirandamycin Antibiotics. ACS Cat., 2021, 11, 8304-
8316. 
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work demonstrated that tirandamycin inhibits de novo bacterial transcription by disrupting 

function of the RNA polymerase enzyme.7 This RNA polymerase inhibitory nature is highly 

specific to bacterial systems as tirandamycin does not interrupt the function of mammalian RNA 

polymerase. It was also shown that in addition to interrupting chain initiation, tirandamycin 

inhibits RNA chain elongation without interrupting the formation of stable template DNA-RNA 

polymerase complexes. Further studies with synthetic analogues indicated that the tetramic acid 

moiety of tirandamycin is a critical structural requirement for the proper recognition and 

interaction with RNA polymerase.  

 

 

 

 

 

 

 

 

 

 

 

2.1.3 Elucidation of the Tirandamycin Biosynthetic Pathway 

Tirandamycin natural products are formed through a hybrid polyketide synthase (PKS) and 

non-ribosomal peptide synthetase (NRPS) system with a colinear domain organization.1 The 2,4-

pyrrolidinedione ring system of tirandamycin is derived from condensation of an amino acid to a 

polyketide-derived acyl chain to generate the dienoyltetramic acid motif.3 Gene knock-out 

experiments revealed the presence of two tailoring enzymes that are responsible for the sequential 

late-stage installation of oxygen functionalities during tirandamycin biosynthesis: the 

multifunctional cytochrome P450 TamI and the flavin oxidase TamL (Scheme 2.1). First, TamI 

Figure 2.1. Tirandamycin congeners reported to date. 
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abstracts the C10-(S) hydrogen of 1 to install an allylic hydroxyl (step 1) generating 2, which 

undergoes oxidation by TamL (step 2) to yield 3. Next, TamI catalyzes the formation of a C11/C12 

(R/S) epoxide (step 3) producing 4, followed by methyl hydroxylation at C18 (step 4) generating 

the terminal product 5. TamI has been shown to oxidize 1 à 2 à 3 à 4 at low levels without the 

need for TamL, suggesting the possibility of a more complex iterative mechanism in some 

instances. Based on gene deletion studies and isolation of biosynthetic intermediates, the unusual 

iterative cascade catalyzed by TamI occurs in a strict sequence, with each oxidation being a 

prerequisite for the next.3, 8 

 

 

2.2 Molecular and Structural Basis of Iterative C-H Oxidation by TamI  

2.2.1 Background  

Although earlier enzymatic and kinetic experiments informed the efficiency and order of 

oxidative steps catalyzed by P450 TamI,3 the structural and molecular basis for the iterative nature 

of the enzyme remained unknown. This gap in knowledge motivated us to elucidate the substrate-

binding mechanism of TamI and the inherent reactivity of tirandamycin substrates using structural 

biology and computational methods. The first hypothesis we decided to examine was whether 

TamI uses a tetramic acid based-binding mechanism to anchor substrate 1 in the correct geometry 

for the consecutive oxidation reactions to take place. A discrete substrate anchoring mechanism 

has been previously observed in the TamI homologue PikC (47% sequence identity), where the 

dimethylamino sugar desosamine allows for productive substrate recognition enabling 

Scheme 2.1. Iterative late-stage oxidation reactions catalyzed by P450 TamI. In step 1, TamI 
catalyzes an allylic hydroxylation at C10 of 1. In step 2, the flavoprotein TamL oxidizes the C10 hydroxyl 
of 2 to a ketone. In step 3, TamI performs an alkene epoxidation at C11/12 of 3. In step 4, TamI installs 
a primary hydroxyl at C18 of 4 yielding the terminal product 5.  
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hydroxylation at a distal carbon site of the substrate. This anchoring mechanism inspired the 

synthesis of suitable dimethylamino sugar desosamine “anchor” analogues that enable the 

oxidation of non-native cyclic scaffolds with P450 PikC.9 Understanding the basis for substrate 

binding in TamI could provide avenues for substrate engineering efforts to achieve oxidative 

diversification of non-natural bicyclic-containing scaffolds and expand the synthetic utility of the 

enzyme.  

2.2.2 Structure of P450 TamI in Complex with Tirandamycin C and Identification of Key Residues 

Using molecular replacement and the substrate-free structure as a model, Sean Newmister 

in the Sherman group at the University of Michigan successfully solved the structure of TamI 

bound to 1 at 2.7 Å resolution (Figure 2.2).8 Analysis of the structure showed that the C10 atom 

of 1 is at a 4.1 Å distance from the heme iron of TamI, a reasonable distance for the first oxidation 

reaction to occur (step 1). Sean observed various interactions between the tetramic acid moiety of 

1 and distinct loop regions of the protein including direct 

polar contact with residues Pro43 (β1-1/2 loop), Ser397, 

Thr398 and Leu399 (β3-3/2 loop) and hydrophobic 

interactions with Val44 (β1-1/2 loop) and Phe92 (BC 

loop) (Figure 2.3A). Moreover, a hydrophobic pocket 

adjacent to the heme center where the bicyclic ketal 

moiety and conjugated polyene chain sit was identified. 

Specifically, the polyene was found to interact with the 

side chains of Leu399 and Ile400 (β3-3/2 loop), Val185 

(FG region) and Phe92 (BC loop) constricting the binding 

site in this region. The bicyclic ketal moiety was 

surrounded by the hydrophobic side chains of Leu101, 

Leu244 and Leu295 as well as other residues including 

His102, Gly248, Thr252 and Thr299 (Figure 2.3B). We 

hypothesized that the various polar contacts with the 

tetramic acid moiety of 1 may be consistent with a tetramic 

acid-based anchoring mechanism that enables iterative 

oxidation at distinct carbon sites of the bicyclic ketal 

moiety. 

Figure 2.2. Structure of P450 TamI in 
complex with tirandamycin C (1). (A) 
Cartoon representation of bound structure 
where 1 is shown in yellow and heme is 
shown in black. (B) Omit map (Fo-Fc) for 
1 The bicyclic ketal moiety of 1 is close in 
proximity to the heme iron. 
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2.2.3 Mutagenesis and Biochemical Characterization 

2.2.3.1 Probing a Tetramic Acid-Based Anchoring Mechanism 

Guided by the enzyme structure, Kinshuk Srivastava in the Sherman group at the 

University of Michigan performed site-directed mutagenesis of active site residues in P450 TamI 

to probe their role in binding, catalysis, and selectivity. First, key polar active site residues 

interacting with the tetramic acid moiety of 1 were targeted to probe their role in substrate binding 

and interrogate if these residues could act as a substrate anchor analogous to the desosamine sugar 

moiety in narbomycin and YC-17 substrates in the PikC system.9, 10 Single (S397A, T398A, and 

V185A) and double (P43A_V44A) TamI variants were prepared and enzymatic assays were 

performed using optimized conditions in a three-component system comprising TamI, spinach 

ferredoxin, and ferredoxin reductase. Contrary to 

our hypothesis, the mutations introduced did not 

abolish enzymatic activity or alter the product 

profile compared to TamI WT. Most TamI variants 

showed similar conversion to WT when tested with 

substrate 1 (Figure 2.3) despite of showing minor 

perturbations in substrate binding affinities (Table 

2.1). These experiments revealed that the polar 

interactions between the different loop regions of 

the enzyme and the tetramic acid moiety of 1 have 

no direct impact on the allylic C10 hydroxylation 

of 1 to 2, discarding a tetramic acid-based substrate anchoring mode.  

2.2.3.2 Probing a Hydrophobic Pocket in the Active Site of TamI 

We decided to explore alternative interactions between TamI’s active site and substrate 1 

and analyze the hydrophobic and aromatic residues lining the conjugated polyene moiety of 1 

including amino acids Leu399, Ile400, and Phe92. Double, triple, and quadruple mutants were 

prepared and tested in end-point assays with 1. The variants L399A_I400A and L101V_H102S 

showed decreased conversion to product compared to WT (Figure 2.3). Interestingly, the alanine 

mutant of Phe92 led to a drastic loss of catalytic activity of TamI, forming 2 as a trace product 

Table 2.1. Tirandamycin C (1) equilibrium 
dissociation constant (Kd) values. “n.s.” denotes 
no spectral shift observed. 
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only (Figure 2.3B). These mutants did not show any spin shift with substrate 1 indicating substrate 

binding has been disturbed (Table 2.1).  

We performed Molecular Dynamics (MD) simulations of TamI WT with 1 and the variants 

F92A, L399A and I400A to analyze the effect of these single point mutants on substrate orientation 

within the enzyme’s active site. We found that substrate 1 occupies multiple different positions in 

the active sites of the single point mutants compared to WT where it was the lowest rootmean-

square deviation value. These results suggest that the residues mutated are essential for dictating 

the correct substrate geometry for TamI catalysis (Figures 2.4). Moreover, we also noted that the 

bicyclic ketal moiety remains close to the heme center during the entire length of the MD 

simulations, while the polar contacts observed with the tetramic acid tail in the crystal structure 

rapidly relax within the first few nanoseconds of the simulation (See Appendix A for details). 

These results demonstrate that the hydrophobic interactions around the polyene region of the 

substrate are most essential for productive substrate binding and C10 hydroxylation catalysis in 

vP450 TamI.  

Moreover, amino acids surrounding the bicyclic ketal of 1 were targeted for mutagenesis 

to probe their role in substrate binding and selectivity. Specifically, residues Leu101, His102, 

Leu295, and Thr299 were mutated and tested in end-point assays with 1. Double variant 

L101V_H102S led to decreased product conversion (Figure 2.3B) and no change in product profile 

suggesting that increasing the active site volume does not impact site selectivity for step 1 but it 

does alter substrate binding. We hypothesize that residues Leu101 and His102 may be critical for 

productive substrate binding and positioning for the C10 hydroxylation step to occur. Interactions 

between these residues and the C14 methyl group of the substrate were observed in the crystal 

structure where the Cδ atom of Leu101 is at ∼3.4 Å and Nε of His102 is at ∼4 Å in relation to the 

oxygen atoms of the bicyclic ketal moiety in 1. The double mutant L295A_T299A showed WT 

activity indicating these residues do not impact TamI catalysis. Overall, these mutagenesis studies 

showed that the conjugated polyene chain in tirandamycin and active site residues Leu399, Ile400 

and Phe92 are essential structural and molecular features for productive substrate binding and 

orientation in TamI oxidative catalysis. 

2.2.4 Computational Investigations of Iterative Oxidations 

2.2.4.1 Density Functional Theory on Intrinsic Reactivity 



 29 

In collaboration with the Houk Lab at UCLA, we performed density functional theory 

calculations (DFT) and MD simulations to elucidate the innate reactivity of tirandamycin 

substrates for the competing stepwise oxidation reactions catalyzed by P450 TamI and understand 

how the enzyme controls the selectivity observed. The reactive Fe(IV)-oxo radical cation and a 

truncated model of substrates 1, 3, and 4 containing the bicyclic ketal moiety were used for DFT 

calculations to compare the energies of the transition state barriers for step 1 (C10 hydroxylation), 

step 3 (C11/12 epoxidation) and step 4 (C18 hydroxylation) (Figure 2.4). The C-H abstraction 

barrier for C10 hydroxylation is lowest in energy for substrate 1 with a value of 14.5 kcal/mol 

(Figures 2.4A) matching the experimentally observed regioselectivity. No difference was observed 

for abstracting the R or S hydrogen at the C10 site suggesting that the TamI active site is critical 

for driving the selectivity between these diastereomeric transition states. The transition state barrier 

for the (R/S) epoxidation at C11/12 double bond of 3 is lowest in energy by 1.9 kcal/mol, matching 

the chemo- and stereoselectivity observed (Figures 2.4A), while the energetic barrier for the C18 

Figure 2.3. Mutagenesis analysis with P450 TamI (1). (A) Key interactions with the tetramic acid 
moiety of 1 are displayed in a stick representation. HPLC traces for enzymatic assays with TamI mutants 
probing the substrate binding mechanism were extracted at 340nm, signature UV of tirandamycin. (B) 
Key interactions with the conjugated polyene and bicyclic ketal moiety of 1 are shown in a stick 
representation. HPLC traces for endpoint assays with TamI mutants probing a hydrophobic pocket 
mediates binding were extracted at 340nm, signature UV of tirandamycin. 
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hydroxylation on 4 is 17.5 kcal/mol. The trend observed in the calculated transition state energy 

barriers with substrates 1, 3 and 4 is analogous to the trend in catalytic efficiency reported for the 

TamI-RhFRED chimeric fusion enzyme, where kcat lowers from 83.8 min−1 to 40.5 min−1  to 0.11 

min−1 for step 1, step 3 and step 4, respectively.  

 

 

2.2.4.2 Molecular Dynamics with Tirandamycin Congeners 

Next, we assessed the influence of TamI in the regio- and stereoselectivity observed for the 

C10 hydroxylation reaction. MD simulations were performed using the substrate-bound crystal 

structure of TamI and 1. The C10 and C11 atoms remained the closest to the iron-oxo species 

throughout the 500 ns simulation, consistent with C10 hydroxylation. The Oheme−C10 hydrogen 

distance and Oheme−C10 hydrogen-C10 angle geometries for both the S and R hydrogens from the 

Figure 2.4. Computational analysis of TamI iterative oxidation (1). (A) Inherent reactivity for each 
competing oxidation step in tirandamycin biosynthesis. (B) MD simulations show P450 TamI 
interacting with 1. The pro-S hydrogen remains closer to the QM ideal transition state (green dot) 
geometry in the crystal structure (orange dot) and throughout the entire simulation. (C) Overlays of top 
five occupied clusters for substrate 1 with TamI WT and mutant F92A. 
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MD simulations were compared to the ideal QM calculated transition state to assess how TamI 

influences the substrate geometry. The S hydrogen was found closer to the transition state 

geometry for the entire simulation, indicating that TamI controls the orientation of substrate 1 in 

the active site and drives the stereoselectivity for C-H oxidation at C10 (Figure 2.4B). Similar MD 

simulation experiments were performed with substrates 3 and 4, revealing that the orientation of 

tirandamycin changes as the oxidation cascade progresses, with each substrate occupying the 

correct geometry for the observed reactivity in TamI’s active site.  

2.2.5 Discussion 

Following a structural and computational approach, we elucidated 1) the structure of P450 

TamI WT bound to substrate 1; 2) the molecular and structural basis for substrate binding and C10 

hydroxylation catalysis and 3) the innate reactivity of 1 for the sequential oxidation pattern 

catalyzed by the enzyme. Close examination of the bound crystal structure and experimental 

mutagenesis analysis revealed a hydrophobic pocket in the active site and key residues critical for 

productive substrate binding and catalysis, discarding a tetramic acid-based anchoring mechanism. 

Specifically, active site amino acids Phe92, Leu399, and Ile400 seemed to mediate essential steric 

and hydrophobic interactions with the conjugated polyene chain of 1. MD simulations showed that 

substrate 1 adopts multiple binding orientations losing the correct geometry for catalysis when 

these three key residues are mutated to alanine and the hydrophobic π−π interactions are lost. 

Moreover, QM calculations were performed to reveal the innate reactivity of substrate 1 for the 

competing oxidation reactions catalyzed by P450 TamI. A clear preference for secondary allylic 

C10 hydroxylation of 1 over C11/12 epoxidation and primary C18 hydroxylation is observed. 

However, no energetic preference for the S or R hydrogen abstraction at C10 is detected, 

suggesting the enzyme drives the exquisite stereoselectivity observed in vitro for the formation of 

the (S) hydroxy. This observation was further validated with MD simulations that showed how 

TamI orients 1 in a specific geometry to maintain the pro-S hydrogen closer to the ferryl oxygen 

for abstraction. Additional QM calculations with substrate 3 and 4 demonstrated that the substrate 

binding orientations stay consistent with idealized geometries for the experimentally observed 

order of oxidation steps. Overall, this work provides important insights into the molecular and 

structural principles guiding substrate binding and regio- and stereoselectivity for the multistep C-

H oxidation and epoxidation cascade of TamI. Precisely, we revealed key hydrophobic residues 

and substrate structure features critical for binding and catalysis in P450 TamI. Our investigation 
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establishes a foundation for future work focused on engineering TamI for altered selectivity and 

chemical outcome, and expanding the enzyme’s substrate scope to facilitate late-stage C-H 

functionalization and alkene epoxidation of complex chemical scaffolds.  

 

2.3 Engineering P450 TamI for Selective C-H Functionalization and Epoxidation of 

Tirandamycin Antibiotics 

2.3.1 Introduction and Background  

Ubiquitous in all domains of life, cytochrome P450 enzymes represent a versatile platform 

for the controlled functionalization of specific, nonactivated C-H bonds within complex organic 

molecules.11, 12 These heme-containing biocatalysts introduce late-stage functionality with precise 

regio-, chemo- and stereoselectivity, expanding the synthetic abilities of chemical oxidation 

catalysts and reagents for structural diversification of biologically important molecules.13, 14 In rare 

cases for select secondary metabolite pathways, the iterative control of C-H oxidation and 

epoxidation is observed, typically in plant or fungal systems.15-18 Understanding the function of 

iterative P450s is a first step toward gaining the ability to tune these multi-step biocatalytic 

oxidations through protein engineering, a challenging goal for development of efficient oxidative 

tailoring strategies.19, 20   

Eukaryotic iterative P450s are often bound to the endoplasmic reticulum membrane, and 

frequently challenging to express as recombinant proteins in vitro, which has limited our 

mechanistic understanding of their reactivity and selectivity.15 Investigating their soluble bacterial 

counterparts can address this gap in knowledge and lead to the development of biocatalysts with 

high synthetic utility. Currently, the number of characterized iterative bacterial P450s is scarce, 

and most are restricted to catalyzing two oxidation events. Examples include P450s MycG21, 22 and 

Gfsf,23 in the biosynthesis of the macrolide antibiotics mycinamicin and FD-891, respectively, and 

the P450 AurH,24 involved in the biosynthesis of the nitroaryl-substituted polyketide aureothin. 

The cytochrome P450 TamI, from the tirandamycin biosynthetic system, represents a rare example 

of a bacterial P450 naturally catalyzing three highly selective, successive oxidation reactions at 

distinct carbon atoms of the substrate (Scheme 2.1).8, 25 

Based on our previous work, we envisioned that structure-based engineering of the 

trifunctional P450 TamI could provide important new insights into the controlling elements of its 
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oxidative cascade, allowing us to manipulate the enzyme to develop new tools for catalyst-

controlled iterative C-H oxidation and epoxidation with altered selectivity and step sequence. 

Herein, we report the design and characterization of a toolbox of P450 TamI biocatalysts, 

generated by point mutations, that control the sequence and site-selectivity of epoxidation and C-

H oxidation of tirandamycin molecules, achieving divergent reactivity compared to wild-type 

(WT) enzyme. Using these tuned catalysts, a series of novel tirandamycin derivatives were 

generated from a single molecular scaffold and evaluated for activity against a panel of human 

bacterial pathogens. Utilizing active-site engineering, a TamI variant with remarkably enhanced 

catalytic abilities was developed, overriding the need for the oxidative partner TamL, and enabling 

a direct four-step biocatalytic cascade for the construction of 5 from 1. Furthermore, quantum 

mechanics (QM) and molecular dynamics (MD) simulations were conducted to examine the basis 

for TamI mutant selectivity and provided new insights into reaction mechanisms of this catalyst-

controlled system. 

2.3.2 Design and Engineering of a Toolbox of P450 TamI Biocatalysts 

2.3.2.1 Identifying Key Active Site Residues for Mutagenesis 

We recently reported the structure of TamI in complex with 1 and found that active-site 

hydrophobic residues have a significant influence in substrate binding and step sequence reactivity, 

favoring C10 C-H hydroxylation (Scheme 2.1, step 1) as the first catalytic reaction.8 

Computational experiments suggested that TamI’s unique active site geometry is key to 

discriminating between the diastereomeric transition states leading to 2. However, preliminary 

mutagenesis efforts failed to reveal how TamI modulates substrate orientation to favor the (S) 

enantiomer, or how the enzyme controls the strict sequence of oxidation. Thus, the specific 

molecular factors controlling this selectivity and order of steps remained elusive despite a high-

resolution x-ray structure of the substrate-TamI complex.  

We envisioned identifying key active site residues that dictate the selectivity and step 

sequence displayed by TamI. Thus, amino acids within 5Å of the tirandamycin bicycle were 

selected for an alanine/valine scan by single point mutation (Figure 2.5), generating a total of 13 

TamI mutants: L101A, L101V, L244A, L244V, L295A, L295V, I247A, I247V, G248A, T251A, 

T299A, T299V and H102V (Figure 2.6). Mutagenesis efforts to obtain G248V, T251V and H102A 

did not yield the desired substitutions. Enzymatic conversions of 1 were conducted in vitro using 
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a previously optimized three-component system comprising spinach ferredoxin, ferredoxin 

reductase and P450 TamI in the presence of a NADPH cofactor regeneration system. Initial 

analytical evaluation of the 13 mutants revealed nearly WT activity for all but five specific 

positions, revealing potential key residues in both the binding and positioning of the tirandamycin 

substrate. Of the five, the TamI H102V variant resulted in severe loss of catalytic activity 

highlighting its likely role in substrate binding as previously described,8 through a proposed 

interaction between the Ne of His102 and the oxygen atoms of the ketal group (Figure 2.6A, lane 

11).  

 

 

2.3.2.2 TamI Mutants with Divergent Selectivity from Wild-Type 

Analysis of products formed from the TamI L244A mutant revealed trace amounts of a 

new double oxidation congener (11) (Figure 2.6A, lane 8). The selectivity of L101A was poor, 

producing a mixture of an unknown single oxidation intermediate (6), and two new double 

oxidation congeners with variant polarities (7 and 8) (Figure 2.6A, lane 7). The alanine substitution 

may hamper the ability of the substrate to adopt one distinct orientation within the enzyme binding 

pocket, leading to multiple oxidation products. On the other hand, this catalytic flexibility makes 

L101A a promising starting point toward engineering selective TamI variants for the production 

Figure 2.5. Active site residues of TamI selected for an alanine-valine scan. (A) Cartoon representation 
of TamI in complex with 1 (shown in yellow). Active-site residues of TamI located within 5Å of the 
tirandamycin bicycle are highlight. The three amino acids found to be critical in controlling TamI’s 
selectivity and iterative oxidation are highlighted in cyan; the remaining amino acids mutated are shown in 
orange. (B) Stick representation.  
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of each of these new congeners. TamI L295V led to the preferential formation of 7, the least polar 

double oxidation congener indicated above (Figure 2.6A, lane 10), while TamI L295A selectively 

produced two unique triple oxidation products that eluted as a single peak (9 and 10) (Figure 2.6A, 

lane 9). This divergent reactivity suggests that subtle steric factors at the Leu295 position 

significantly alter the substrate binding orientation with respect to the heme center. 

TamI mutants displaying non-selective product profiles (TamI L101A and TamI L244A) 

were further engineered to improve selectivity and maximize production of the new tirandamycin 

congeners. The double variant L101A_L295V favored production of 8 that single mutants L101A 

and L295V generated in small amounts. Although increased formation of the desired product was 

observed, this double variant expressed poorly in E. coli. We addressed this complication by 

introducing L295I instead, which was one of the highest producing single mutant forms of TamI. 

Thus, TamI L101A_L295I selectively produced 8 as the major product (Figure 2.6A, lane 12). 

Following a similar strategy, the L244A_L295I double mutant was generated in an effort to 

improve formation of 11. This double mutant catalyzed increased conversion of 1 to the desired 

product (Figure 2.6A, lane 14) compared to single variant L244A, albeit in poor yield. Moreover, 

adjusting reaction parameters (enzyme concentration and time) with mutants L101A_L295I and 

L295A favored accumulation of the single oxidation product 6 (Figure 2.6A, lane 13), suggesting 

it may be an intermediate to the more highly oxidized derivatives. Triple mutant 

L101A_L295I_L244A (See Appendix A for LC-MS traces) was engineered to explore the effect 

of simultaneously introducing mutations at these three key leucine sites and it displayed a 

nonselective product profile. Additional mutations were introduced to probe the effect of different 

substituents at the Leu101, Leu295 and Leu244 positions with the goal of further improving the 

selectivity of TamI variants. Most substitutions at Leu101 led to non-selective catalysis while 

nearly all Leu295 and Leu244 mutants resulted in wild-type product profiles and were not further 

investigated. The best performing TamI mutants with divergent selectivity from WT (L295A, 

L295V, L101A_L295I and L244A_L295I) were chosen for further experimental work. This 

included biochemical characterization and large-scale enzymatic reactions to generate sufficient 

amounts of the new tirandamycins for structure elucidation and mechanistic studies.  

2.3.2.3 TamI Mutants with Enhanced Iterative Capabilities  
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Our earlier work demonstrated that the flavin oxidase TamL serves as a co-dependent 

participant in conversion of 2 to 3 (Scheme 2.1, step 2).25 We envisioned engineering a TamI 

biocatalyst capable of more complete oxidation, forming 5 from 1 in a 4-step cascade approach in 

Figure 2.6. Endpoint assays with TamI mutants. (A) LC-MS traces (extracted at 354nm, signature UV of 
tirandamycin) of select reactions. Authentic standards include 1-5 (lanes 1-5). Compounds 2-5 show a sister peak 
due to isomerization in methanol. Peaks of new tirandamycin congeners are marked with an asterisk (lanes 7-9). 
All reactions were performed following standard conditions (see Methods) except for lane 13 reaction that 
included 1µM P450 L101A_L295I catalyst loading instead of 2µM. The new single oxidation congener (12.7 
min) was also generated as the major product with P450 L295A as the catalyst when adjusting reaction 
parameters. (B) Summary of in vitro analytical enzymatic reactions with TamI variants and 1. The steps catalyzed 
by each mutant are shown in sequential order of reactivity where step 1 is C10 hydroxylation, step 2 is C10 
ketone formation, step 3 is C11/12 epoxidation and step 4 is C18 hydroxylation as shown in Scheme 2.1. 
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the absence of TamL. LC-MS analysis revealed that mutants L101A, L244A and L295V formed 

5 in trace amounts (Figure 2.6A, lanes 7, 8 and 10). Notably, P450 L244A_L295V converted 1 to  

5 in larger amounts than the corresponding single mutant forms (Figure 2.6A, lane 15), and 

represents a TamI variant able to catalyze up to an eight-electron oxidation cascade. The sterically 

less hindered replacements may relax the conformational constraints of the substrate in the active 

site, favoring productive binding and orientation of the more highly oxidized tirandamycin 

intermediates, enabling a more continuous oxidation in the absence of the flavoprotein TamL. 

Moreover, mutants that were previously generated also revealed altered patterns of iterative 

oxidation activity. Specifically, mutant L101Y generated 3 as the major product albeit with 

significant reduced activity while mutant I247A catalyzed increased formation of the more 

extensively oxidized intermediate 4 compared to TamI WT (See Appendix A for LC-MS traces). 

However, these variants expressed poorly in E. coli and were not further investigated. Based on 

these results, TamI L244A_L295V (also referred to as the iterative mutant) was selected for 

additional experimental studies. 

2.3.2.4 Catalytically Self-Sufficient TamI Mutant Biocatalysts 

To facilitate preparative scale enzymatic reactions, we envisioned designing self-sufficient 

TamI biosynthetic systems as we have previously reported. L295V-RhFRED and L101A_L295I-

RhFRED were successfully generated, while attempts to obtain L295A-RhFRED were unfruitful. 

The L101A_L295I-RhFRED system did not yield soluble protein. Incubating 1 with L295V-

RhFRED led to the formation of 7, however at greatly diminished proportions compared to the 

three-component control reaction. Hence, we decided to proceed with optimized 

ferredoxin/ferredoxin reductase-containing reactions for the generation of the new tirandamycin.  

2.3.3 Elucidation of New Tirandamycin Congeners and Mechanisms 

2.3.3.1 Optimization of Large-Scale Fermentation Conditions 

Optimization of fermentation conditions of a Streptomyces sp. 307-9 ΔtamI P450 mutant 

strain enabled reliable production of 1 in a 10-20mg/L yield, a 10-fold improvement from initial 

fermentation efforts. Following a media-optimization approach, MD2 media was found optimal 

for 1L-scale growths using a 2.8L baffled flask and following a 3% inoculation from a single 

colony and a 7-day growth protocol. Ribosome engineering was attempted to further improve 

production of 1 but efforts were unsuccessful. The tirandamycin material was employed for 
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subsequent preparative-scale enzymatic reactions to obtain sufficient starting material for 

structural characterization using TamI and its variants. NMR analysis, MD simulations, QM 

calculations and end-point assays revealed that the engineered TamI mutants have altered the 

selectivity and order of steps programmed into the WT enzyme to create new compounds. These 

studies provide additional knowledge on the TamI mechanism of iterative oxidation and represent 

new tools for selectivity in C-H functionalization and alkene epoxidation.  

2.3.3.2 TamI Mutants L101A_L295I and L295A Interrupt the Stepwise Oxidative Cascade 

Generating Tirandamycin L  

Diverging from native reactivity where C10 allylic hydroxylation (step 1) is the first 

oxidation event to occur, TamI L101A_L295I and L295A catalyzed the C11/12 epoxidation (step 

3) of 1 generating a new single oxidation congener tirandamycin L (6) (Scheme 2.2; for LC-MS 

traces of the reactions described, refer to Appendix A). The stereochemistry of 6 was determined 

based on the observed NOE correlations of H-11 to H-7. The characterization of 6 indicates that 

the apparent strict stepwise oxidative cascade of TamI has been interrupted. Previous density 

functional theory (DFT) calculations comparing the transition state barriers for C10 hydroxylation, 

C11/12 (R/S) epoxidation and C18 hydroxylation starting from 1 revealed that the olefin 

epoxidation is highest in energy by 2.6 kcal/mol.8 This suggests that subtle variations in the 

catalytic environment of TamI L101A_L295I and L295A are critical for catalyzing the least 

favored reaction, by potentially reorienting the substrate to lower the activation barrier. MD 

simulations of TamI L101A_L295I with 1 were analyzed and compared to those of TamI WT. 

These experiments revealed that L101A_L295I demonstrated two major binding poses: the first 

similar to the WT with the C10-(S) hydrogen oriented in the correct geometry for C–H abstraction 

reactivity and the second with the correct geometry for the olefin epoxidation to occur (Figure 

2.7A). These two poses are highlighted in a comparison of the MD snapshots to the ideal transition 

state geometry from DFT. One analyzes step 1, which compares the Oheme-C10 H distance and 

Oheme–H10–C10 angle and demonstrates a newly introduced competition with the C10-(R) that 

was not observed in the WT, as more of the MD snapshots show the correct geometry for C10-(S) 

reactivity in the WT. The other analyzes step 3, which compares the Oheme–C11 distance and 

Oheme–C11–C12–C18 dihedral angle and shows the change in facial selectivity between the 

binding poses. Thus, some of the snapshots are close to the ideal transition state dihedral angle and 

the rest are the opposite, allowing the possibility of the epoxidation to occur with the second  
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binding pose. In addition, MD simulations of TamI L295A with 1 showed that proximity of the 

C11 atom to the heme center is maintained for the majority of the simulation, consistent with 

C11/12 epoxidation. These observations indicate that the hydrophobic interactions around the 

Figure 2.7. Computational analysis of TamI L101A_L295I. (A) MD simulations of TamI variant 
with 1 demonstrate two binding modes for the substrate that allow for competition for reactivity for 
C11/12 epoxidation (step 3) over C10 hydroxylation (step 1), as opposed to that of the WT. The second 
binding pose (blue) promotes a geometry that is suitable for epoxidation, supporting the experimentally 
observed product. (B) MD simulations with 6 shows preference for the C18 position over C10.  
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bicyclic ketal are most critical for redirecting oxidative pathways in TamI from an allylic C-H 

oxidation to an epoxidation event.  

 

 

2.3.3.3 Dual-Function TamI L295V Produces Tirandamycin M 

Analogous to WT activity, TamI L295V first catalyzes step 1 forming 2 from 1. However, 

the next tailoring step for this variant is step 3 on substrate 2 to generate the double oxidation 

congener tirandamycin M (7, TAM E) (Scheme 2.2). Although this molecule has been previously 

isolated from Streptomyces sp. 17944,4 our work demonstrates its production in vitro using a TamI 

P450 mutant as a biocatalyst. MD was similarly performed with TamI L295V and 2, which showed 

that a lower energy conformation was achieved after initial minimization. It also revealed that the 

C11 remained closest relative to other reactive positions and the oxo-iron species throughout the 

1500 ns simulation, consistent with C11/12 epoxidation. Moreover, HPLC analysis of the culture 

broth of a Streptomyces sp. 307-9 ΔtamL flavoprotein mutant strain3 revealed the presence of 2 

and 7, in approximately a 2:1 ratio, after only four days of growth. We reasoned that in the absence 

of the flavoprotein, the TamI WT is capable of catalyzing the epoxidation of 2 à 7 in vivo. This 

Scheme 2.2. TamI mutants generating novel tirandamycin congeners with divergent selectivity from 
wild-type enzyme. TamI L244A_L295V performs a 4-step oxidation cascade. New tirandamycin 
biosynthesized include tirandamycin L (6), M (7), N (8), O (9) and O’ (10). For complete NMR 
characterization data including NOE correlations, refer to SI. For PyMOL and MD simulations of TamI 
mutants, see Appendix A. 
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hypothesis is supported by the observation that when testing 2 with purified TamI WT, 7 is 

generated albeit as a trace product.  

2.3.3.4 TamI L101A_L295I Bypasses Oxidation at C10 Forming Tirandamycin N 

After initially catalyzing the most 

energetically demanding reaction (step 3) on 1 

to form intermediate 6, TamI L101A_L295I 

performs step 4 resulting in the double 

oxidation congener, tirandamycin N (8) 

(Scheme 2.2). The electronegative hydroxy 

moiety at C18 decreases the electron density 

around the neighboring protons, causing less 

shielding and increasing the chemical shift of 

C18 to 58.9 ppm compared to the typical 15-16 

ppm observed in tirandamycin congeners 

lacking this functionality.3 The disappearance 

of the singlet corresponding to protons of the 

C18 methyl group, and the presence of new 

signals relating to a methylene group 

corroborates this assignment. DFT calculations 

were performed to determine the transition state barrier for competing hydroxylation reactions at 

C18 and C10 starting from 6. The C-H abstraction barrier for the C10(S) hydroxylation and C18 

hydroxylation had essentially no energy difference at 0.6 kcal/mol with the former being lower in 

energy (Figure 2.8). This contradicts the experimentally observed regioselectivity with TamI 

L101A_L295I, where 8 is exclusively formed from 6. MD simulations performed with the variant 

and 6 showed that the C18 is closest to the reactive heme iron-oxo throughout the entire 1500 ns 

simulation, consistent with step 4 (Figure 2.7B). The Oheme-C18 hydrogen distance and Oheme-C18 

hydrogen-C18 angle geometries from the MD simulations were compared to the ideal QM 

calculated transition state. This indicated that the active site geometry of TamI L101A_L295I 

controls the orientation to prefer reactivity of C18 hydroxylation and therefore, is crucial in 

discerning the selectivity between these regioisomeric transition states.  

Figure 2.8. DFT calculations of TamI 
L101A_L295I regioselectivity. Intrinsic energy for 
the competing C-H oxidation reactions at C10 and 
C18 with 6 as substrate. 
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2.3.3.5 Multifunctional TamI L295A Catalyzes an Unexpected Oxidative Cascade Generating 

Tirandamycin O and O’  

Similar to TamI L101A_L295I, TamI L295A first catalyzed step 3 on substrate 1 producing 

6. However, divergent from the double mutant selectivity, TamI L295A catalyzes a unique series 

of oxidation steps leading to the formation of triple oxidation products tirandamycin O (9) and 

tirandamycin O’ (10) (Scheme 2.2) that eluted as a single peak during HPLC purification. In the 

analytical scale, a small shoulder on the major product peak is observed when incubating TamI 

L295A with 1 and 6, separately, suggesting the formation of both congeners in vitro.  

The tri-functionalized congener 9 displays an unusual oxidation pattern on the bicyclic core 

including a C10 keto group, a C11(R) hydroxyl and a C12(S) hydroxyl, with corresponding 

chemical shifts at 204 ppm, 72.1 ppm and 78.3 ppm. The relative stereochemistry of the C11(R) 

and C12(S) hydroxy moieties was determined by irradiation of the H-11 and H-7 protons resulted 

in a NOE to H-7 and H-11, respectively, while H-18 showed an NOE with H-14 and H-7, and vice 

versa. The 1H-NMR spectrum suggests the presence of an isomer in a 5:1 mixture with 9 (C10-

keto) as the predominant form. Moreover, we learned that upon storing this mixture in DMSO, the 

ratio of molecules changed to 3:1 with 10 (C10-hydroxy) as the major form. In 10, the keto 

functionality is present at the C11 site that now displays a 205 ppm shift while the C12(S) hydroxyl 

is conserved. The C10 position harbors a hydroxy moiety in the (S) configuration, assigned based 

on the H-10 proton showing an NOE with H-17. Treatment of compound 9 (5:1) with D2O did not 

show deuterium incorporation, even after extended periods of incubation (See Appendix A for 

NMR spectra), suggesting that protic-mediated tautomerization is not occurring. Furthermore, to 

elucidate the molecular basis for the exquisite stereoselectivity of the hydroxyl groups, the ΔΔG 

of each of the four theoretically possible stereoisomers was calculated. The experimentally 

observed isomer 10 was higher in energy than its C10 epimer while compound 9 was lowest in 

energy (See Appendix A for energy values). Currently, efforts are underway to decipher the 

mechanistic pathway towards the formation of tri-oxidized 9 and 10, which will be reported in due 

course. We reason that the diol moiety in 9 does not result from epoxide ring opening in aqueous 

solution, but rather from one of three other potential mechanisms including: 1) H-abstraction from 

iron oxo (Cpd I) generating a free radical that leads to epoxide ring opening and eventual formation 

of 9 and 10; 2) Incorporation of hydroperoxo (Cpd 0) to hydroxylate the C11 position of the 
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epoxide yielding the α-hydroxy ketone; 3) Nucleophilic attack to open epoxide at C11 catalyzed 

by a peroxo-iron species that leads to the formation of the ketone at C11. 

2.3.3.6 Iterative TamI L244A_L295V Enables a Continuous 8- Oxidation 

The iterative TamI L244A_L295V catalyzed sequential C-H oxidation and epoxidation 

pathways leading to compounds 1 à 2 à 3 à 4 à 5 in a strict order as observed in the WT 

cascade that includes TamL (Scheme 2.1, step 2).3 However, in the absence of TamL, TamI 

L244A_L295V is responsible for transforming the C10(S) hydroxyl of 2 into a ketone, possibly 

through initial formation of a geminal-diol product. To further understand this catalytic activity, 

we sought to explore the mechanism in which the enzyme installs the C10 keto group using DFT  

methods. Previous work27, 28 provided a framework for our analysis that includes three possible 

mechanisms (Figure 2.9A). In Route 1, TamI iteratively hydroxylates at C10 forming a geminal-

diol that exists predominantly in the keto form. In Route 2, the enzyme catalyzes a C10-H 

abstraction followed by an O-H abstraction and radical coupling to yield the ketone. Route 3 

resembles Route 2 except it suggests an inverted order of proton abstraction. Analysis of the 

calculated free energy profiles suggests the preference of Routes 1 and 2 over Route 3 as the rate-

limiting transition state is 2.8 kcal/mol higher in Route 3. In distinguishing the plausibility between 

Routes 1 and 2, there are virtually no energetic differences between the gem-diol pathway (Route 

1) and the double hydrogen abstraction (Route 2), due to computation constraints that the second 

transition states are essentially barrierless. Thus, it is possible that either or both mechanisms are 

plausible with this P450 variant. Using previously described methods,8 MD simulations of TamI 

L244A_L295V were performed with 2 as the substrate to assess the influence of the mutant on the 

selectivity within the oxidative cascade and compared with that of the TamI WT. The TamI 

L244A_L295V displays a higher degree of flexibility of substrate 2 with the active site compared 

to the WT (Figure 2.9B). This suggests that these mutations enable movement that is required for 

the C10 oxidation to occur, as our DFT mechanisms show that a shift in the binding pose is 

required to promote the second mechanistic steps.  

2.3.4 Biochemical and Kinetic Characterization of TamI Mutants 

2.3.4.1 Substrate Scope, Total Turnover Capacity and Substrate Binding Properties of TamI 

Mutants  
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Effectively applying the biocatalytic potential of the engineered TamI P450s for late-stage 

C-H oxidation and epoxidation requires a comprehensive investigation of their substrate 

specificity, total turnover capacity and substrate binding affinity. We surveyed the substrate scope 

of TamI variants using various tirandamycin molecules and calculated the corresponding total 

turnover numbers (TTN) (Figure 2.10). Additionally, the effect of TamI mutations on the 

equilibrium dissociation constants (Kd) of tirandamycin substrates was assessed via substrate-

induced heme spin shift experiments.  

 

Figure 2.9. Computational analysis of iterative TamI L244A_L295V. (A) Free energy profile of 
potential mechanisms for the C10 ketone formation. Initial abstraction of the OH-10 proton requires a 
higher energetic barrier compared to H-10 abstraction, discarding Route 3 as a viable mechanism 
pathway. There are virtually no energetic differences that discriminate Route 1 from Route 2, 
suggesting that either mechanism is plausible.. (B) Overlays of top five occupied clusters for 2 with 
TamI WT and TamI L244A_L295V.  
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Substrate 1: Despite catalyzing distinct oxidation pathways, TamI WT, L295V and 

L101A_L295I have comparable total turnovers (TTN = 368-369) and show tight binding affinity 

to 1 with the double mutant displaying the strongest affinity (Kd = 0.09 µM). The TamI H102V 

mutant that fails to generate any product when tested with 1 shows a weak binding affinity to the 

substrate (Kd = 10.27 µM).  

Substrate 2: In addition of TamI L295V displaying epoxidase activity forming 7 from 2, 

TamI WT, L295A, L101A_L295I and L244A_L295I were also found capable of catalyzing step 

3 on 2. The double mutant L101A_L295I showed the highest TTN value of 324 and a relatively 

tight affinity to the substrate (Kd = 4.75 µM), while no spin shift was observed with the other P450s 

including the parent enzyme.  

Substrate 3: Similar to WT, all variants tested with 3 catalyzed formation of the more 

oxidized 4 and 5, with comparable turnover (TTN = 313-340) and binding affinities (Kd = 6.89-

8.32 µM). TamI L244A_L295V and L244A_L295I led to the highest ratios of 5 to 4, compared to 

TamI WT that produced the least amount of the terminal product 5. 

Substrate 4: All P450s showed selectivity for step 4, converting 4 to 5 with iterative TamI 

P450 L244A_L295V displaying improved turnover capacity and binding affinity (TTN = 167; Kd 

= 7.09 µM) compared to the parent enzyme (TTN = 143; Kd = no shift observed). 

Substrate 6: All P450s tested, except TamI L295A, catalyzed step 4 on substrate 6 forming 

8. In contrast, TamI L295A generated 9 and 10 as the main products and displayed the highest 

TTN value of 252. No spin shift is observed when testing 6 with the P450s, except with the double 

mutant L101A_L295I that shows a weak binding affinity of 11.98 µM. 

Substrate 7: No oxidative activity was observed when testing the substrate with TamI 

biocatalysts. Surprisingly, the control reaction containing TamL flavoprotein yielded complete 

conversion of 7 to 4. Isothermal Titration Calorimetry (ITC) was employed to measure the binding 

affinities of 7 and native substrate 2 with the TamL enzyme. The resulting affinities were 

comparable with Kd values of 1.09 and 2.26 µM for 7 and 2, respectively.  

Substrates 8, 9 and 10: Finally, reactions with 8, 9 and 10 failed to yield products 

suggesting that the engineered TamI enzymes have a limited scope for substrates with higher 

degrees of oxidation. 

2.3.4.2 Michaelis-Menten Kinetic Parameters of TamI Variants 
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Michaelis-Menten kinetic parameters were determined for the various oxidation routes 

catalyzed by TamI WT, selective TamI L101A_L295I and iterative TamI L244A_L295V (Table 

2.2). These enzymes were selected for testing based on their abilities to catalyze divergent iterative 

oxidation cascades and their enhanced binding and turnover properties.  

Consistent with previously described results,3 TamI WT is most efficient at catalyzing step 

1 converting 1 to 2 with a kcat/KM value of 1.87 µM-1min-1 (Table 2.2, lane 1). Interestingly, TamI  

 

 

 

 

L101A_L295I catalyzes step 3 on 1 forming 6 and the iterative oxidation of 1 to 7 (steps 1 and 3) 

with virtually the same efficiency (kcat/KM = 1.71 µM-1min-1) (Table 2.2, lane 2). As expected, 

Figure 2.10. Total turnover numbers (TTN) for TamI WT and mutants with 
tirandamycins. Reaction substrates are displayed above each bar graph. TTN = mol substrate 
consumed/mol P450. Ratios of product formation were estimated based on HPLC data. 
Experiments were performed in triplicate. For definition of R see Scheme 2.1. 
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TamI WT is notoriously inefficient at catalyzing the continuous oxidation of 2 to 4 (steps 2 and 3) 

(kcat/KM = 0.0003 µM-1min-1) (Table 1, lane 3). Compared to the WT enzyme, iterative TamI 

L244A_L295V shows a 36-fold increase of catalytic efficiency (kcat/KM = 0.011 µM-1min-1) when 

converting 2 to 3, 4 and 5 (steps 2, 3 and 4) (Table 2.2, lane 4). This substantial improvement in 

efficiency for oxidizing 2 highlights the significance of this variant in overcoming the bottleneck 

reaction of the cascade (step 2) without catalytic assistance from the TamL flavoprotein. The 

calculated catalytic efficiencies for step 3 on substrate 3 forming 4 with TamI WT and TamI 

L101A_L295I are 0.19 and 0.47 µM-1min-1 (Table 2.2, lanes 5 and 6), while the kcat/KM value for 

step 3 and step 4 on 3 generating 4 and 5 with iterative TamI L244A_L295V is 0.06 µM-1min-1. 

Moreover, the iterative TamI L244A_L295V is 23-times more efficient than the WT 

enzyme at catalyzing step 4 on substrate 4 to generate the terminal product 5 with kcat/KM values 

of 0.102 and 0.004 µM-1min-1, respectively (Table 2.2, lanes 8 and 7). TamI L101A_L295I also 

outperforms TamI WT with a kcat/KM of 0.0375 µM-1min-1, suggesting an 8-fold increase in 

efficiency to perform the primary C-H oxidation event. Finally, TamI L101A_L295I is a more 

efficient catalyst than TamI WT for hydroxylation of 6 to 8 with kcat/KM values of 0.0044 and 

0.0001 µM-1min-1 (Table 2.2, lane 9), respectively. Iterative TamI L244A_L295V shows an even 

higher kcat/KM value (0.0196 µM-1min-1) for catalyzing multiple oxidative reactions forming a 

mixture of 8, 9 and 10 from substrate 6 (Table 2.2, lane 10). 

 

2.3.5 Antimicrobial Activities of New Tirandamycin 

Table 2.2. Select Michaelis-Menten kinetic values.  
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The naturally occurring and newly synthesized tirandamycin congeners were tested against 

a panel of human bacterial pathogens and their minimum inhibitory concentrations (MICs) were 

determined (Table 2.3). The activities of tirandamycins 1, 3, 5 and the new congener tirandamycin 

N (8) were comparable to commercial antibiotic erythromycin showing strong activity against 

Gram positive B. anthracis 34f2. Tirandamycins 1, 3, 5 also demonstrated enhanced activity 

against S. pneumonia ATCC 49619. Tirandamycin A (4) showed the strongest activity against 

VRE, consistent with previously described results.27 A significant decrease in activity against VRE 

was observed in the new tirandamycin molecules. Poor activity was recorded for all tirandamycins 

against Gram negative pathogens, except for 1 that showed relatively weak activity against E. coli 

TolC. 

 

 

 

 

 

 

 
 
 
2.3.6 Discussion 
 
 TamI is an iterative bacterial P450 capable of catalyzing three consecutive and highly 

selective oxidation reactions in a strict stepwise manner.3 The work described herein demonstrates 

that this enzyme can be tuned through protein engineering to alter the selectivity, step sequence 

and number of reactions catalyzed, favoring either epoxidation and/or C-H activation pathways on 

multiple sites within a tirandamycin substrate. This tunability enabled the enzymatic synthesis of 

new tirandamycin derivatives with variant oxidation patterns that result from catalyst-controlled 

selectivity overriding innate substrate reactivity. For example, new compound 8, which exhibits 

notable bioactivity against human bacterial pathogens B. anthracis 34f2 and S. pneumoniae ATCC 

49619 compared to the other newly characterized congeners, is readily obtained by epoxidation 

and C18 methyl oxidation, whereas these oxidative decorations would normally be challenging to 

Table 2.3. Select MIC values. Tirandamycin 9 contained a minor presence of congener 10 in the 
sample in a 5:1 ratio.  
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access in a direct fashion without competing oxidation of the existing methylene units in the 

substrate structure.28-30 Our work also illustrates that TamI can be manipulated to effectively 

catalyze a four-step oxidative cascade without the assistance of the oxidative partner TamL, 

opening new avenues for the development of multifunctional oxidation catalysts with enhanced 

iterative properties. These results demonstrate the power of iterative bacterial P450s to develop 

new tools for selectivity and cascade reactions, expanding enzyme-controlled iterative C-H 

functionalization and epoxidation of complex scaffolds and streamlining the synthesis of high-

value target compounds. 

Using structure-guided mutagenesis, end-point assays and NMR analysis, active-site 

residues Leu101, Leu244 and Leu295 were found to be critical in dictating the selectivity features 

and direct oxidation cascade of TamI (Scheme 2.2). Subtle steric alterations at the Leu295 position 

tuned the ability of TamI to favor either epoxidation or C-H activation pathways with exquisite 

control of the timing and site-selectivity of the cascade reactions from a single molecular scaffold. 

Specifically, starting with 1 as the substrate, TamI L295V catalyzed step 1 followed by step 3 

yielding 7, while TamI L295A catalyzed step 3 generating intermediate 6 followed by successive 

oxidations to form tri-oxidized 9 and 10. The TamI L101A_L295I catalyst also favored the initial 

epoxidation of 1 to 6 followed by step 4 producing 8 with exquisite regioselectivity.  

The ability of TamI mutants for crafting and further processing the epoxide-containing 

intermediate 6 yielding the more highly functionalized 8, 9 and 10 is noteworthy. These results 

provide evidence that 1) step 1 is not a prerequisite for step 3 to occur and 2) step 3, as the first 

reaction catalyzed, does not block further oxidative reactions with TamI, catalytic limitations that 

are often observed with other multifunctional P450s. For example, in the mycinamicin P450 

MycG,20 an analogue substrate harboring an epoxide moiety but lacking a hydroxyl cannot 

undergo oxidation by the catalyst due to a strict hierarchy in order of catalytic steps, where 

hydroxylation is imperative for subsequent epoxidation. Moreover, in the iterative P450 GfsF, 

epoxidation is a prerequisite for hydroxylation of the 16-membered macrolactone, with no 

flexibility detected during the oxidative steps.22 In both P450 MycG and P450 GfsF dual-function 

cascades, the step sequence seems to be fully controlled by inherent substrate reactivity and 

conformation. The capacity of TamI for catalyzing multi-step oxidative cascades at four distinct 

sites on substrate 1 (C10-C11-C12-C18) is also worth highlighting. Contrary to TamI, many 

iterative P450s oxidize a single site of the substrate. Examples include bacterial P450s RosC28 
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and XiaM29 that convert a methyl group to a carboxylic acid through the corresponding alcohol 

and aldehyde intermediates, although more examples of P450s with similar catalytic activities are 

found in plants31 and animals.32 While same-site iterative oxidation cascades install functional 

groups that are critical for the bioactivity of secondary metabolites, the ability of TamI to oxidize 

multiple carbon atoms within a substrate enhances direct access to core structure diversification, 

generating new sets of analogues with different points of derivatization.  

We performed computational analyses to investigate if the altered biocatalyst selectivity 

and chemical output observed with TamI mutants was a result of innate substrate reactivity or 

driven by a catalyst-controlled system. DFT calculations with 1 had previously shown that step 3 

is highest in energy compared to step 1 and step 4,8 making it the least favored reaction to occur 

in the absence of TamI L101A_L295I and L295A. MD simulations of the enzyme variants with 1 

showed that the P450s reorient the substrate maintaining close proximity of the C11 atom to the 

heme center, thus facilitating step 3 catalysis over step 1. Moreover, DFT calculations with 6 

revealed that step 1 is preferred over step 4 (Figure 2.8). Once again, this contradicts the 

experimentally observed regioselectivity and indicates that TamI L101A_L295I overrides the 

innate reactivity of the substrate, achieving activation of the least electronically favored C-H bond 

generating 8, a novel congener with notable bioactivity. MD simulations of TamI L101A_L295I 

with 6 showed that the C18 remains closer to the oxo-iron compared to C10 throughout the 1500 

ns simulation, thus supporting that the enzyme environment is key in controlling regioselectivity 

(Figure 2.7B). These results illustrate that the hydrophobic interactions around the bicyclic ketal 

of tirandamycin, especially at the Leu295 and Leu101 sites, are most critical for redirecting 

oxidative pathways in TamI from an allylic C-H oxidation to an epoxidation event when starting 

with 1, and for controlling the regioselectivity favoring primary over secondary hydroxylation 

when 6 is the substrate. It is also important to highlight that the precise control of TamI 

L101A_L295I for catalyzing a divergent oxidation pathway (compared to WT) does not sacrifice 

catalytic efficiency as the variant catalyzes step 3 on 1 with virtually the same Kcat/KM as TamI 

WT catalyzes step 1 on 1 (Table 2.2). 

Furthermore, TamI L244A_L295V was engineered to catalyze an unprecedented four-step 

oxidative cascade in the absence of oxidative partner TamL. The Michaelis-Menten model kinetics 

displayed enhanced rates of continuous oxidation of 2 (up to 36-fold) and of C18 methyl oxidation 

of 4 (up to 23-fold) for the TamI L244A_L295V compared to WT. These kinetic values 
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demonstrate that by facilitating step 2, the TamI variant overcomes the bottleneck reaction of the 

pathway becoming a more efficient catalyst. Previous work with the bacterial P450cam 

demonstrated that an L244A mutation in the enzyme increased the active site malleability, 

enabling the oxidation of larger substrates than those accepted by the WT enzyme.33 The authors 

hypothesized that the smaller alanine residue expanded the substrate-binding cavity providing a 

higher degree of freedom of motion for substrate positioning and catalytic function.35 Analogous 

to the L244A P450cam system, the L244A substitution in TamI L244A_L295I generates a larger 

space and a higher degree of flexibility to better accommodate 2 enabling a more continuous 

oxidation cascade than the WT (Figure 2.9B). In efforts to elucidate the basis of improved iterative 

oxidation in TamI L244A_L295I, we propose two mechanisms for oxidation of the C10 allylic 

hydroxyl of 2 to a ketone either through gem-diol formation or double C-H abstraction (Figure 

2.9A). Although a similar pattern of reactivity has been reported for the iterative bacterial P450 

DoxA from the daunorubicin pathway,27, 36 the free energy profile for each potential mechanism 

has not been previously calculated to support the mechanistic hypotheses of allylic hydroxyl 

oxidation in an iterative bacterial P450. 

Investigation of TamI has provided new insights into the underlying biocatalytic 

mechanisms for the diverse selectivity and ordered reaction process of multifunctional P450s on 

complex scaffolds. Minor alterations of Leu244, Leu295 and Leu101 in the active site of TamI 

override substrate-controlled reactivity to enable catalyst-controlled iterative oxidation cascades, 

involving chemically and mechanistically distinct processes. TamI variants are able to differentiate 

the reactivity of the three competing sites in the unfunctionalized core structure of 1 that contains 

an internal 1,2-disubstituted alkene flanked by allylic methyl and allylic methylene groups. 

Specifically, TamI is able to selectively oxidize the C18 methyl site over the C10 methylene 

(observed in the production of 8), reverse the site selectivity between an alkene and allylic C-H 

bond (e.g. production of 2 and 6), and oxidize non-allylically-activated C-H bonds (as seen in the 

formation of 5, and 8-10, where alkene epoxidation precedes C-H oxidation). This approach 

enabled the enzymatic synthesis of new tirandamycins that display potent bioactivity against Gram 

positive human pathogens and that could be further explored for their antiparasitic activity to 

combat lymphatic filariasis.4 Thus, TamI represents a compelling example for bio-inspiration 

given that small molecule catalysts with the potential for catalyzing both epoxidation and C-H 

activation are typically difficult to utilize in controlled iterative processes and present substantial 
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challenges for catalyst-controlled site-selectivity reversals.34-36 Additionally, our work provides a 

potential pathway for further protein engineering efforts with P450 homologs catalyzing multi-

step oxidative cascades on a common substrate. For example, as an equivalent to TamI Leu101, 

dual-function P450s MycG11 and GfsF13 have active site non-polar residues Leu84 and Ala100, 

respectively, that have not yet been explored for their potential role in modulating selectivity and 

reaction step sequence. Similarly, equivalent to TamI Leu295, P450 GfsF contains an Ala residue 

at the 297 active site position, which could be modified to assess its function in controlling the 

native oxidation cascade and for modifying selectivity. Finally, in addition to investigating the 

mechanism towards formation of tri-oxidized 9 and 10, future work will focus on substrate 

engineering efforts to expand the substrate scope of TamI as a versatile and highly selective P450 

biocatalyst for iterative late-stage C-H oxidation and epoxidation of complex bicyclic and 

polycyclic scaffolds.   
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Chapter 3* 
Multiple Activated Oxygen Species in P450 TamI Iterative Catalysis  

 
3.1 Background 

3.1.1 Involvement of Various Oxidizing Species in P450 Catalysis 

The large superfamily of heme-containing cytochrome P450 enzymes catalyze a myriad of 

important chemical reactions including, but not limited to, aromatic and aliphatic hydroxylations, 

epoxidations, ring formation and C-C bond cleavage. Not only are the P450-catalyzed reactions 

critical in the degradation of xenobiotic compounds, but they are essential for the biosynthesis of 

structurally complex bioactive molecules. These versatile monooxygenases can perform precise 

chemical reactions with high levels of selectivity while overcoming innate substrate reactivity.  

When a small molecule substrate binds to the P450 active site, it displaces the water 

molecule acting as a sixth ligand of the heme iron and shifts the enzyme from a low-spin system 

to a high-spin ferric state (Scheme 3.1, iron species A to B). This shift increases the redox potential 

(100-230 mV) and facilitates the first electron transfer from the redox partners (species C). 

Molecular oxygen then binds to the ferrous enzyme generating the oxy-ferrous intermediate 

(species D) that can accept a second electron transfer to form the key ferric-peroxo anion 

intermediate (FeO2-, species E). Subsequent proton transfer (typically supplied by the bulk solvent) 

to the distal oxygen atom is facilitated by a highly conserved active site acid-alcohol pair and 

bound water molecules leading to the ferric hydroperoxide Compound 0 (Cpd 0, FeO2H). A second 

protonation event facilitates the O-O cleavage step generating the high-valent iron-oxo species 

Compound I (Cpd I), resulting in release of a water molecule. Found in the oxygen-binding groove 

of the I-helix,1 the acid-alcohol pair is thought to be essential for the two sequential protonation 

events necessary to form Cpd I from the ferric-peroxo species, Cpd 0. However, a few exceptions 

exist where an alanine or asparagine occur in place of the alcohol residue such as in the case of  

 

* Chapter 3 is included in a manuscript. Espinoza, R.V., Maskeri, M.A, Turlik, A., Nangia, A., Khatri, Y., 

Montgomery, J., Houk, K.N. and Sherman, D.H. Epoxidation and late-stage C-H functionalization by P450 TamI is 

mediated by variant heme-iron oxidizing species. ChemRxiv, 2021. Under review in ACS Cat. 
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P450eryF2 and P450cin3 where the 

substrate hydroxyl is thought to act as the 

alcohol residue and asparagine is believed 

to retain a water molecule, respectively. 

Moreover, throughout the P450 catalytic 

cycle, the peroxo states can undergo 

uncoupling and release peroxides 

byproducts while regenerating the ferric 

form of the enzyme. 

The remarkable myriad of chemical 

reactions catalyzed by P450 enzymes poses 

the question of whether these biocatalysts 

use different oxidizing species for each 

different oxidation or whether the same 

catalytically active species is utilized. Thus, 

identification of the oxidant species in P450 

catalysis remains a topic of high interest. Nowadays there are a variety of approaches, including 

kinetics, substrate atom labeling, spectroscopy and computational calculations that provide 

evidence for the contribution of the different oxygen species to the mechanistic pathway under 

examination. For example, the ferric-peroxo anion intermediate (species E) can perform a 

nucleophilic attack on the substrate leading to C-C bond cleavage as observed in the P450 

CYP17A1 involved in human steroid hormone biosynthesis.4 Alternatively, the ferric peroxide 

species can be protonated to form Cpd 0 (species F), which enables double bond oxygen insertion 

for epoxidation reactions such as in the case of P450 PimD in the pimaricin biosynthesis where 

the substrate’s topology does not favor catalysis via Cpd I.5 Alternatively, double protonation leads 

to the high-spin intermediate Cpd I (species G), the catalytic species considered to be the primary 

oxidant for most of P450-catalyzed oxidations, which include C-H hydroxylation by P450 

CYP19A1.6-8 Fewer experimental and computational efforts have been dedicated to interrogate the 

active oxidizing species in P450-catalyzed iterative oxidation cascades involving mechanistically 

distinct pathways and multiple carbon sites within a substrate. In essence, it could be hypothesized 

that iterative P450 enzymes may have the ability to shift from one catalytically active species to 

Scheme 3.1. General cycle for cytochrome P450 
catalysis. The three unproductive uncoupling pathways 
are shown in dashed arrows. 
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another to modulate their iterative oxidation sequence with exquisite selectivity on a common 

substrate. Elucidating the oxidant species involved in P450-based multistep biocatalytic systems 

may inspire the engineering of homologous enzymes to expand the range of oxidation reaction 

types they can catalyze in a cascade fashion and driven by catalyst-controlled reactivity. 

3.1.2 Proposed Mechanisms in P450 TamI Oxidative Cascade Supporting Distinct Functional 

Oxidants   

The Streptomyces-derived P450 TamI is an iterative enzyme responsible for the late-stage 

oxidation of tirandamycin C (1) to B (5), the terminal product of the tirandamycin biosynthetic 

pathway and the most potent congener in bioactivity against an array of human pathogens 

including vancomycin resistant-Enterococci faecalis (Scheme 3.2). As a result of intrinsic 

substrate reactivity, P450 TamI performs methylene C10 hydroxylation, C11/12 alkene 

epoxidation and C18 methyl hydroxylation, in a strict sequence.9 We recently described the 

engineering of P450 TamI biocatalysts that alter the iterative process, site-selectivity and number 

of reactions performed in a catalyst-controlled fashion, leading to the enzymatic synthesis of five 

novel tirandamycin congeners including tri-oxidized tirandamycin O (9) and O’ (10) (Scheme 

3.2).10 The role that variant reactive oxygen species play in mediating the iterative sequence and 

flexibility of TamI and its mutants for catalyzing mechanistically divergent oxidative reactions has 

not been previously established. It is this gap in knowledge that motivated the current study, with 

the expectation that deeper insights may facilitate rational design for bioinspired catalysis.  

Scheme 3.2. Late-stage oxidation catalyzed by P450 TamI variants. Naturally-occurring tirandamycin 
include 1, 2, 3, 4 and 5. New metabolites generated from TamI mutants include 6, 7, 8, 9, and 10. 
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Based on the stepwise oxidative sequence exclusively catalyzed by P450 TamI L295A to 

convert 1 à 6 ààà 9 and 10 (Scheme 3.2) and the unusual oxidation pattern of the tri-oxidized 

terminal products, we hypothesized that this TamI variant may have the ability to shift from one 

catalytically active oxidant species to another. First, TamI L295A catalyzes a C11/12 double bond 

epoxidation on 1 rather than a C10-(S) hydroxylation as seen with the WT, indicating a possible 

Cpd 0-mediated mechanism.5, 11 The inherent reactivity of 6 was explored for primary C18 and 

secondary C10 hydroxylation reactions.10 Hydroxylation at both positions exhibited similar 

energetic barriers, suggesting formation of either C-H functionalization product is favorable when 

using 6 as substrate, with a slight preference for C10 oxidation (0.6 kcal/mol difference). We 

rationalized that hydroxylating the C10 position on 6 makes the C11 site more electrophilic and 

prone to opening of the epoxide. As previously established, C10 hydroxylation via Cpd I-mediated 

catalysis is anticipated.12 Thus, we hypothesized that TamI L295A catalyzes a C10 hydroxylation 

on 6 to form 7 and/or 7’ (the C10 epimer of 7, Scheme 3.3). However, these proposed transient 

intermediates are not detected in in vitro enzymatic assays when incubating 1 or 6 with the 

enzyme.10 This could imply that once 6 is oxidized to 7 or 7', the hydroxy-containing intermediate 

is not released from the enzyme active site pocket but is instead instantly oxidized to obtain the 

Scheme 3.3. Proposed mechanisms for the oxidative cascade catalyzed by TamI L295A. Three 
mechanisms are described using the nucleophilic peroxo-iron (blue), Cpd 0 (green), and Cpd I (red) as 
oxidant species. 
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final products. Given that congener 7 is available as an authentic standard (obtained from 

preparative-scale enzymatic reactions),10 enzymatic reactions with 7 and TamI L295A were 

performed. Incubating 7 with TamI L295A at increased catalyst loading conditions led to low-

level formation of 9 and 10 (Figure S14, lane 14).10 These results provide compelling evidence 

that 7 is a transient intermediate towards 9 and 10 under these experimental conditions. The 

nominal production of the terminal products and the lack of spin shift observed upon titration of 7 

to the enzyme suggest that 7 might not be the preferred transient intermediate or that the additional 

oxidative decorations in 7 impact the substrate binding affinity making it a poorer fit in TamI 

L295A active site. Computational analysis showed that 7’ exhibits an internal hydrogen bond from 

the hydroxy to the epoxide, stabilizing its configuration and activating the epoxide for opening 

(Figure S15). This might suggest that 7’ could be a preferred transient intermediate in the L295A-

catalyzed pathway, however this congener is not available as an authentic standard. We suspected 

that 4 might also be an intermediate in this oxidative cascade, however no product was observed 

when incubating 4 with TamI L295A, even at increased catalyst loading. Hence, we postulate that 

TamI L295A hydroxylates 6 at C10 forming intermediates 7 and/or 7’ prior the oxidative cascade 

leading to 9 and 10. 

After C10 hydroxylation, TamI L295A catalyzes an epoxide-opening cascade not 

previously observed with P450 TamI chemistry. This may indicate the potential involvement of 

different oxidants en route to 9 and 10. Hence, we proposed three potential mechanisms for the 

formation of 9 and 10 by TamI L295A including: 1) Attack by the nucleophilic ferric-peroxo to 

open the epoxide at the C11 site yielding the ketone (Scheme 3.3, blue box); 2) Incorporation of 

the hydroperoxide Cpd 0 leading to C11 hydroxylation and formation of the α-hydroxy ketone 

(green box); 3) H10-abstraction by the electrophilic higher valent metal-oxo species Cpd I 

generating a free radical that leads to epoxide ring opening (red box).  Thus, we sought to explore 

the identity of the active oxidant species in P450 TamI L295A responsible for catalyzing the 

iterative oxidation cascade from 1 à 6 à 7 or 7’ à 9 and 10, and three proposed mechanisms 

towards the exclusive formation of 9 and 10 from 6. In this effort, we 1) disrupted the proton relay 

network required for dioxygen activation with site-directed mutagenesis, 2) assessed the utility of 

exogenous oxygen surrogates and reactive oxygen species (ROS) scavengers to support P450 

TamI catalysis and 3) calculated kinetic solvent isotope effects (KSIEs) on the steady-state 

turnover of P450 TamI in its hydroxylation, epoxidation and unusual oxidative cascade 
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functionalities. Additionally, quantum mechanics (QM) calculations using density functional 

theory (DFT) calculations were conducted to provide insights into the contribution of the plausible 

reaction mechanisms and different oxidant species in the P450 catalytic cycle for generating the 

structurally unique metabolites 9 and 10. 

 

3.2 Mechanism of Epoxidation via Cpd 0 to Form Tirandamycin L (6) 

3.2.1 Structure-Derived Mechanism 

In P450 TamI, the WT enzyme catalyzes the C10 

allylic hydroxylation of 1 to generate 2. The substrate-

bound crystal structure of the enzyme revealed that the 

C10-H (S) σ-bond points towards the heme iron within a 

4 Å distance, prone for hydroxylation to occur via 

hydrogen abstraction and oxygen rebound mechanism.9 

This C-H functionalization reaction occurs likely through 

involvement of the electrophilic species Cpd I, as 

previous experimental and theoretical work has 

undoubtedly concluded for the mechanism of P450-

catalyzed hydroxylation reactions.12 However, a subtle 

variation in the active site of mutant TamI L295A 

changed reactivity from C10 hydroxylation to C11/12 

epoxidation on 1 to form 6 suggesting the enzyme is 

controlling this divergence in chemical output. Previous 

DFT calculations with 1 revealed that the transition state 

barrier for C11/12 (R/S) epoxidation is highest in energy 

(19.2 kcal/mol) compared to hydroxylation at C10 or C18 

sites (14.5 and 16.6 kcal/mol, respectively).9 Thus, we 

hypothesized that TamI L295A may reorient the substrate 

to lower the activation barrier and/or favor a different catalytically active oxidant species to 

facilitate the least favored epoxidation reaction over the C-H functionalization product. 

Figure 3.1. Molecular Dynamics (MD) 
simulations of TamI L295A with 1. 
Two different views emphasizing the 
orientation of the C11/12 alkene are 
depicted. Black arrows show the 
orientation of the C11/12 π-orbitals. 
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Close examination of the 5 top occupied clusters of the MD simulations with TamI L295A 

and 1 revealed that the π-orbitals of the conjugated C11/12 system point away from the iron at a 

115.9° angle to the heme (Figure 3.1).12 This differs from the angles calculated in simulations with 

TamI WT and 3 and TamI L101A_L295I and 1 where diastereoselective C11/12 alkene 

epoxidation is also observed experimentally. In the latter cases, the C11/12 alkene of 3 and 1 points 

towards the iron at a 90-93° angle to the heme facilitating double bond epoxidation, in agreement 

with in vitro results (Figure S1). Contrarily, in TamI L295A, the geometry of 1 does not favor 

epoxidation by a synchronous trajectory of oxygen insertion or a charge-transfer complex via a 

radical or cationic pathway. Instead, the proximity (< 4 Å) of the C11-H σ-bond to the heme iron 

seems favorable for Cpd I-mediated hydroxylation. However, as noted with P450 PimD and the 

pimaricin substrate, the energy required to abstract a hydrogen from a vinyl carbon is prohibitive. 

This led us to hypothesize that the hydroperoxo Cpd 0 species may be the active oxidant species 

in TamI L295A for the first reaction step of its iterative oxidative cascade (Scheme 3.2), where a 

concerted insertion of the distal oxygen into the C11/12 double bond of 1 occurs to generate 6. 

The lengthened O-O bond in the hydrogenated peroxide species (Cpd 0) would bring the distal 

oxygen even closer to the C11/12 π-orbitals of 1 enabling a productive topology of the substrate 

for C11/12 epoxidation to take place over C10 hydroxylation. 

3.2.2 Catalytic Evidence and Mutagenesis Experiments 

In P450 TamI, the conserved acid-alcohol pair is composed of Glu251 and Thr252, yet 

another Thr253 resides at the adjacent position that could contribute to the I-helix proton relay 

network or supplant Thr252 if absent.13 Mutation of the conserved alcohol residue in P450s is 

thought to interrupt the second proton transfer, accumulating the Cpd 0 species, and diminishing 

substrate oxidation rates while increasing uncoupling of the enzyme and hydrogen peroxide 

formation.9, 11, 13 For example, P450cam typically hydroxylates its native substrate camphor with 

high levels of efficiency. However, its variant T252A showed little to no hydroxylated product 

and instead, was found capable of performing olefin epoxidation.11 This result was presented as 

experimental evidence for the reactivity of a hydroperoxo-ferric Cpd 0 species in the P450cam 

system.  
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We created threonine mutants of P450 

TamI L295A to probe their role in oxygen 

activation and catalysis (Figure 3.2). When 

incubated with 1, variant T252A_L295A 

showed a similar product formation to TamI 

L295A generating a mix of 6, 9 and 10, while 

triple mutant T252A_T253A_L295A showed 

decreased yields. Both threonine mutants 

displayed reduced hydrogen peroxide 

formation compared to TamI L295A 

suggesting less free radicals occur in these 

systems (See Appendix B). This was further 

supported by the observation that the TamI 

L295A-catalyzed oxidation of 1 to 6, 9 and 10 

increments in the presence of ROS scavengers 

(ascorbate, catalase, and dismutase) in a dose-

dependent fashion, indicating uncoupled 

formation of free radicals in TamI L295A (See 

Appendix B). Nonetheless, this increase in 

product formation could also derive from the 

fact that these chemical scavengers are able to 

protect the enzyme, substrate and/or products 

from superoxide-induced radical damage. Moreover, the double and triple variants displayed 

tighter substrate binding affinity values compared to TamI L295A (See Appendix B), showing that 

mutating the threonine residues does not impact substrate binding in an unproductive manner.  

 These mutagenesis results show that altering the conserved alcohol pair in TamI to an 

alanine that cannot longer accept a hydrogen bond from Cpd 0 to drive O-O cleavage and form 

Cpd I does not inhibit catalytic activity. In fact, similar product formation to L295A is observed 

for C11/12 epoxidation of 1 to 6, suggesting that Cpd 0 may be a viable oxidant for L295A-

catalyzed epoxidation. This is further supported by the observation that increased hydrogen 

Figure 3.2. End-point assays with TamI variants. 
(A) Reactions with substrate 1; (B) Reactions with 
substrate 6. Substrates are shown next to each bar 
graph. Ratios of product formation were estimated 
based on HPLC traces. For definition of R, see 
Scheme 3.2. For additional reactions, see SI. 
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peroxide formation was detected for L295A, which could derive from accumulated Cpd 0 

undergoing uncoupling through the peroxide shunt pathway (Scheme 3.1). 

3.2.3 Use of Oxygen Surrogates in TamI-Catalyzed Reactions 

Artificial oxygen surrogates that may distinguish among P450 mechanisms were 

employed. Hydrogen peroxide can provide the oxygen atom and electrons necessary to overcome 

the need for molecular oxygen and NADPH-derived reducing equivalents in P450s.14 Therefore, 

direct addition of hydrogen peroxide to ferric P450 is expected to form ferric hydroperoxide Cpd 

0. However, it is important to note that Cpd 0 can subsequently and irreversibly convert to Cpd I 

or undergo reversible proton transfer to form peroxo-iron (species E). Therefore, its role in TamI 

catalysis can only be postulated. Alternative organic peroxides such as iodosobenzene would not 

be able to generate Cpd 0 and insert the distal oxygen atom in the substrate. Thus, we hypothesized 

that if Cpd 0 is the preferred active oxidant then the H2O2-initiated reactions would form noticeable 

amounts of epoxide-containing 6 when incubating TamI L295A with 1.  

As anticipated, significant production of 6 was detected for reactions initiated with H2O2 

and TamI L295A (Figure 3.3). Triple variant T252A_T253A_L295A also generates product 6 

under these reaction conditions, albeit in diminished yields. Reactions with freshly prepared 

iodosobenzene led to nominal trace product formation of 6 further supporting our hypothesis. To 

interrogate whether the ability to activate H2O2 as a cosubstrate for epoxidation transformations is 

exclusive to biocatalyst TamI L295A or not, additional reactions with variant TamI L101A_L295I 

and 1 were tested. Control reactions containing redox partners yielded formation of 6 and 8 from 

1 as previously observed (Scheme 3.2),10 while no oxidative activity was observed with H2O2-

initiated reactions. This indicated that unlike TamI L295A, variant L101A_L295I is not capable 

of using Cpd 0 for epoxidation catalysis. Together with computational calculations and 

mutagenesis results, our catalytic data suggests that TamI L295A has the flexibility to use Cpd 0 

as a viable oxidant for efficient alkene epoxidation of 1 generating intermediate 6. 
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3.3 Iterative Oxidation Cascade to Produce Tirandamycin O and O’ 

3.3.1 Evidence for a Reactive, Nucleophilic Peroxo-Iron Oxidant 

We hypothesize that biocatalyst TamI L295A uses the ferric hydroperoxo Cpd 0 to catalyze 

epoxidation of 1 à 6, followed by Cpd I species catalyzing 6 à 7 or 7’, and then shifts to a 

different oxidant species to open the epoxide of 7 or 7’ to form 9 and 10. Inspired by previous 

literature,4 we hypothesized the ferric-peroxo anion (species E) could perform a nucleophilic attack 

at C11 on intermediate 7 or 7’, opening up the epoxide, retaining stereoselectivity at C12 and 

forming a C11 ketone either through radical or proton abstraction mechanisms (Scheme 3.3, blue 

Figure 3.3. TamI-catalyzed oxidations using H2O2 as a cosubstrate. Reactions were initiated with 
increasing concentrations of H2O2 and run for 30 min unless otherwise stated. Substrate is shown above 
bar graphs. For reactions initiated with iodosobenzene, see SI. 
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box), generating 9 and 10. To interrogate the plausibility of a peroxo anion-catalyzed oxidative 

cascade, we performed catalytic assays using 6 as the substrate.   

Previous work with P450cam, P450cin, CYP19A1, P450-BM3, and CYP17A1 suggest that 

mutating the conserved Glu251 acid residue disrupts the first proton transfer in the P450 catalytic 

cycle, favoring formation of the nucleophilic peroxo-iron species (Scheme 3.1, species E) and 

drastically reducing substrate oxidation activity. Variant E251Q_L295A converts 6 to tri-oxidized 

9 and 10 in comparable yields to L295A (Figure 3.2). The glutamic acid mutant displays a lower 

rate of hydrogen peroxide formation compared to L295A with 6, while no spin shift is observed 

with either enzyme. Adding ROS scavengers to the reaction of E251Q_L295A and 6 led to a 

modest decrease in conversion compared to L295A. This could suggest that when using 6 and the 

glutamic acid variant as a biocatalyst, products 9 and 10 may result from shunt pathways. However, 

the response is not dose-dependent. Mutating the conserved acid residue to a neutral glutamine 

does not abolish catalytic activity. Instead, product formation is comparable to TamI L295A. This 

data indicates that the glutamic acid residue is not critical for the oxidative cascade catalyzed by 

TamI L295A, suggesting that the peroxo-iron could compensate as a viable oxidant for the 

formation of 9 and 10 when Cpd I may be compromised. 

Moreover, kinetic solvent isotope effects (KSIE) experiments were performed to address 

the identity of the iron-oxo species and variant mechanisms involved. Formation of Cpd I in the 

P450 catalytic cycle is dependent on the sequential transfer of two protons, a process that typically 

slows down when hydrogen has been replaced by deuterium. Hence, comparing the steady-state 

kinetic parameters of TamI-catalyzed reactions in H2O versus D2O-based buffers can be 

mechanistically informative.6 Using saturating substrate concentrations, product formation and 

NADPH oxidation rates of P450 TamI were measured at pH/pD 7.4 (see Appendix B for details). 

Deuterated samples were obtained by exhaustive exchange of proteins in D2O. The production of 

2 from 1 occurred at a rate of 9.70 min-1 for TamI WT in H2O, while the rate lowered to 3.17 min-

1 in D2O (Figure 3.4A). These values correspond to a significant KSIE of Kh/Kd = 3.06 for C10 

hydroxylation, similar to what has been previously reported for other P450 systems catalyzing 

hydroxylation chemistry via Cpd I.6 When testing 6 with TamI L295A and triple variant 

T252A_T253A_L295A, the rate of product formation increased in the D2O-based buffer, yielding 

a repeatable, small inverse KSIE of 0.89 and 0.79, for the multi-step cascade responsible for 9 and 

10 (Figure 3.4A). Although the potential influence of deuterium solvent on enzyme function are 
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complex, these results implicate the role of peroxo-iron as a potential oxidant species catalyzing 

this cascade.16 Alternative explanations include the possibility that protonation and deprotonation 

can occur throughout the amino acid chains of the P450 or that the substrate’s hydroxy group in 

the tetramic acid moiety exchanges with deuterium influencing substrate binding.  

Figure 3.4. End-point assays with P450 TamI in H2O vs D2O buffers. Substrates are shown above bar graphs. 
(A) Steady-state Kinetic Solvent Isotope Effects (KSIE) observed for P450 TamI with 1 and 6. KSIE = Kh/Kd. The 
number inside the bar displays the value of catalytic activity. (B) Comparison of NADPH oxidation (light green) 
and coupling efficiency (dark green) by P450 TamI. The number inside the bar represents the corresponding 
calculated value. For exact values, refer to Table S2. 
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TamI L295A shows an approximate 50% increase in coupling efficiency in D2O versus in 

H2O with slightly lowered NADPH consumption values when using 6 (Figure 3.4B). Meanwhile, 

triple mutant T252A_T253A_L295A displayed a two-fold increase in NADPH consumption 

compared to L295A, with lowered coupling values. Together with KSIE data, a slight decrease in 

NADPH oxidation rates for the iterative oxidation of 6 à 9 and 10 with TamI L295A do not fully 

support a Cpd I-driven mechanism. Instead, these results suggest that inhibiting protonation of the 

peroxo-iron intermediate can promote productive oxidation rather than uncoupling to peroxide 

byproducts.  

We sought to further investigate the potential involvement of a peroxo-iron species using 

computational methods. We conducted DFT calculations on a previously-validated truncated 

model of the P450 TamI heme and tirandamycin spiroketal.10 Oxidation of congeners 7 and 7’ at 

the UB3LYP-D3(BJ)/def2-TZVPP/SMD(diethylether)//UB3LYP-D3(BJ)/def2-

SVP/SMD(diethylether) level of theory and via peroxo-iron (species E) was explored.4, 16-20 

Computations proceeding from 7’ were found to be slightly lower in free energy (~1 kcal/mol) 

than those from 7 (see Appendix B). Transition state barriers for the addition of the peroxo-iron 

terminal oxygen into 7 and 7’ epoxides were located for the doublet (2TS2) and quartet (4TS2) spin 

states, and favor the doublet with a small preference for 7’ (13.0 kcal/mol) (Figure 3.5A). This 

barrier exhibits a low energy approximately equal to that located for Cpd I-facilitated pathways 

(Figure 3.5B). However, computational elaboration of this pathway proved challenging; while the 

endoperoxide intermediate Int2 resulting from epoxide addition was successfully located for both 

7 and 7’ doublet states, we were unable to converge downstream product complexes or transition 

structures (see Appendix B). 

Moreover, we reasoned that our experimental results do not exclude the possibility of the 

superoxo-iron complex (species D) acting as oxidant for a radical epoxide addition.22, 23 Such a 

species is expected to persist in the TamI active site prior to an electron transfer event involving 

ferredoxin, and is only approximately 1.7 kcal/mol higher in energy than the peroxo-iron complex. 

Open-shell singlet, triplet, and quintet states were computed for the initial heme complex, of which 

the triplet pathway was lowest in energy. However, addition of the triplet superoxo-iron species 

into the 7’ epoxide exhibits a transition state barrier of 24.3 kcal/mol relative to starting material 

(Figure S18). As this barrier energy is significantly higher than those computed for peroxo-iron 

pathway, we conclude that superoxo-iron is unlikely to be a viable oxidant for this pathway. 
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3.3.2 Assessing Cpd 0 Reactivity 

Another pathway that we investigated was C11 C-H hydroxylation of 7’ by Cpd 0 (species 

E) to form 9 and 10. A reasonable transition state could not be found for the initial C-H abstraction 

reaction. Given the favorable energetics for the Cpd I-facilitated hydrogen abstraction process and 

the activity of TamI in mutants exhibiting a disrupted proton transfer chain, we considered a 

pathway featuring C11-H atom abstraction by a ferric-peroxo or ferric-superoxo species in both 

high-spin and low-spin configurations. A pathway featuring C11-H atom abstraction from 7’ to 

drive incorporation of the distal oxygen of Cpd 0 and hydroxylation at C11 was explored. Ferric 

peroxo and ferric superoxo species in both high-spin and low-spin configurations were considered. 

In this pathway, reaction of the substrate with either iron species involves a hydrogen atom 

abstraction by the distal oxygen, generating a carbon-centered radical. This is followed by 

concerted O-O bond homolysis and OH transfer to the radical. Subsequent deprotonation of the 

hydroxylated intermediate with epoxide ring opening ultimately leads to the formation of 9 and 

10. The barriers for C-H abstraction are calculated to be 32.8 and 31.8 kcal/mol for the triplet and 

Figure 3.5. DFT calculations on P450 TamI and 7’ (epi-tirandamycin M). Gibbs free energy values are shown 
in kcal/mol. The charge of the peroxo complex is -2. For additional calculations, see Appendix B. 
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quintet ferric-superoxide species, respectively (see Appendix B). Given the favorable energetics 

calculated for the nucleophilic peroxo-iron (species E) or Cpd I (species G), these computations 

show that hydrogen atom abstraction by either superoxo species is highly unlikely. An attempt was 

also made to identify either a high-spin or low-spin peroxo species that participates in the initial 

hydrogen atom abstraction, but no converged transition-state geometries were located.  

End-point assays with substrate 6 and TamI variants L295A and T252A_T253A_L295A 

show comparable formation of 9 and 10 (Figure 3.2B). The threonine mutant shows relatively 

similar hydrogen peroxide formation rates compared to TamI L295A. No spin shift is observed 

with any of the TamI L295A variants bound to 6. When using H2O2 as a co-substrate, reactions 

with T252A_T253A_L295A and 6 show comparable product formation to controls, while 

reactions with L295A and 6 display noticeable but decreased product formation. When initiating 

reactions with iodosobenzene and 6, no product is detected for any TamI variant. Adding ROS 

scavengers to the L295A-catalyzed reactions with 6 led to comparable product formation to 

controls for T252A_L295A and L295A. A slight decrease was observed for 

T252A_T253A_L295A indicating that the products in this reaction might result from shunt 

pathways, although a dose-dependent pattern was not found. Although this catalytic data does not 

conclusively discard Cpd 0 as a viable oxidant for catalyzing the production of 9 and 10, the 

significantly high energy requirements calculated for Cpd 0-mediated catalysis do. 

3.3.3 Evidence for a Cpd I-Mediated Mechanism 

Although the end-point assays described above shed light to the contribution of various 

oxidizing species in L295A catalysis, they do not eliminate the possibility of a Cpd I-mediated 

mechanism. Thus, oxidative pathways via Cpd I species were explored computationally. Previous 

QM/MM investigations by Shaik et al. determine the Cpd I and Cpd 0 have similar energies, which 

enables relative comparison of the energetics of the oxidant series.24 First, the pathway for C-H 

abstraction of 7 with Cpd I was calculated. With 7 as the substrate, the TS barrier for C-H 

abstraction is calculated to be 15.3 kcal/mol for the doublet state, and 16.1 kcal/mol for the quartet 

(Figure S20). The resulting product is 9.3 kcal/mol lower in energy than the starting material. The 

energy of the subsequent ring opened product is -13.1 kcal/mol in ΔG, and the following H-atom 

abstraction from the resulting O radical to form Int3 has ΔG = -2.5 kcal/mol. OH rebound from 

the Fe-OH species results in Int4 (ΔG = -72.0 kcal/mol). Tautomerization affords 10 and 9, at -

75.9 and -74.2 kcal/mol, respectively. The analogous C-H abstraction was also calculated for 7’ 
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(Figure 3.5B). This substrate is 1.9 kcal/mol lower in energy than 7. The TS barrier for H-atom 

abstraction from 7’ is 14.2 kcal/mol for the doublet (2TS1), and 15.6 kcal/mol for the quartet 

(4TS1). These reasonable and low barriers and subsequent mechanism exothermicity suggest that 

pathways utilizing Cpd I as the oxidant are viable. While these data do not exclude the possibility 

of peroxo-iron as an oxidant, the low energy barrier and experimental support for the proposed 

Cpd I pathway suggest that Cpd I is the preferred oxidant. 

 

3.4 Discussion 

We have performed experimental and computational experiments to provide insights into 

the catalytically active species used by P450 TamI L295A for epoxidation and epoxide-opening 

oxidative cascade of tirandamycin congeners. Specifically, we aimed at shedding light on the 

question of a single or multiple various oxidizing species being used throughout the iterative 

cascade of 1 à 6 à 7 or 7’ à 9 and 10 (Scheme 3.2). The experiments applied can suggest but 

not conclusively determine the active oxidant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

On the experimental side, mutations were introduced in the highly conserved acid-alcohol 

pair of TamI (Glu251 and Thr252) to probe their role in oxygen activation and electron transfer 

(Figure 3.2). Earlier studies of bacterial P450s harboring a variation in the conserved alcohol 

residue displayed drastically diminished levels of hydroxylation activity and divergence to 

Figure 3.6. Oxidizing species involved in TamI L295A catalysis.  Cpd I is the preferred oxidant for the 
conversion of intermediate 7 or 7’ to 9 and 10, although kinetic solvent isotope effect experiments indicated that 
the nucleophilic peroxo-iron can be a viable oxidant for this epoxide-opening cascade. 
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epoxidation reactivity, indicating the involvement of a Cpd 0 (species F) oxidant species.11 In 

L295A threonine variants, similar oxidation rates to L295A were obtained with substrate 1, 

without change in the chemo- or regioselectivity patterns (Figure 3.2). These catalytic results could 

indicate that TamI L295A has the flexibility to exploit the use of other heme iron species besides 

Cpd I, including Cpd 0 for epoxidation of 1 à 6. A H2O2-complexed species (the hydrogenated 

form of Cpd 0) was discarded based on the results obtained when adding ROS scavengers to the 

reactions of TamI L295A with 1. The presence of these scavengers was expected to capture most 

of the naturally-occurring H2O2 present in the system.24 An increase of product formation was 

observed indicating that the H2O2-shunt pathway to form 6 from 1 is not favorable. Mechanistic 

probes such as H2O2 and iodosobenzene were used to further interrogate the involvement of 

different catalytically active species (Figure 3.3). TamI L295A was able to activate H2O2 for 

epoxidation of 1 to 6. Meanwhile, other TamI variants (including L295V, L101A_L295I and 

L244A_L295V) catalyzing epoxidation or hydroxylation of 1 under normal conditions were not 

able to use H2O2 as a cosubstrate for oxidative reactivity. The results implied that the unique 

protein environment of TamI L295A enables it to use Cpd 0 for the C11/12 diastereoselective 

epoxidation reaction of 1,25 inference that was supported by computational analysis. Parallel to 

P450 PimD’s epoxidation reactivity via a Cpd 0 iron species,5 MD simulations of TamI L295A 

and 1 showed the C11/12 alkene to be at an angle that disfavored catalysis by Cpd I but that could 

be reached by the lengthened O-O bond in Cpd 0.  

Moreover, KSIE data demonstrated that the peroxo-iron species could be a viable oxidant 

for the conversion of 6 à 7 or 7’ à 9 and 10 when water in the reaction buffer is replaced by 

deuterium, slowing down the formation of Cpd I (Figure 3.4). This was further validated by end-

point assays with the E251Q_L295A mutant that is thought to interrupt the two proton transfers 

required for Cpd I thus accumulating peroxo-iron (Scheme 3.1). DFT calculations for a peroxo-

iron mechanism demonstrated low energy barriers for the initial TS and intermediate. Although 

downstream intermediates and products were not identified despite multiple efforts, computational 

experiments do not discard peroxo-iron as an active oxidant. A Cpd I-mediated pathway towards 

the generation of 9 and 10 was also explored computationally. The low barriers and mechanism 

exothermicity obtained for a radical-induced ring opening of the epoxide in 7 and 7’ and 

subsequent oxygen rebound suggest Cpd I is the preferred oxidant for TamI L295A’s unique 

multistep oxidative pathway.  
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Experimental and computational methods have been recently combined to explore the 

active oxygen species in P450 biocatalysts catalyzing mechanistically distinct pathways on 

different substrates. As an example, P450-BM3 mutants performing sulfoxidation and 

hydroxylation on 1-thiochromanone and 1-tetralone substrates, respectively, were investigated.25 

Cpd I was found as the common oxidant species for both reaction processes. However, fewer 

efforts have been devoted to clarifying the mechanism of iterative oxidation at multiple carbon 

sites on a common substrate, in respect to the catalytically active oxygen species.  

Elucidation of the catalytically active oxidant species in P450 TamI L295A facilitates 

future engineering of bio- or chemical oxidation catalysts with iterative oxidation abilities. 

Favoring formation of different iron oxygen species throughout a cascade reaction could enable 

mechanistically divergent oxidative pathways to be catalyzed on a common substrate. This could 

facilitate direct oxidative derivatization of multiple carbon atoms within complex molecules. For 

instance, it would be intriguing to explore a similar mutagenesis profile in the iterative bacterial 

P450 GfsF that harbors an active site Ala297 residue equivalent to the Leu295 site in TamI.26 The 

GfsG enzyme catalyzes a stepwise dual-cascade epoxidation followed by hydroxylation to form 

the macrolide antibiotic FD-891. The macrolide hydroxy is located β to the epoxide, parallel to the 

C10 hydroxy in 7 and 7’ that is found β to the C11/12 epoxide. It is not unreasonable to imagine 

that engineering the Ala297 residue may favor formation of one catalytically active oxygen species 

over the other, facilitating opening of the epoxide to generate an α-ketone or a cis-diol-containing 

product, as observed in TamI L295A. A similar configuration for the positioning of the hydroxy 

group relative to the epoxide within a substrate is found in the mycinamicin natural product. In 

this system, the iterative P450 MycG performs a strict hydroxylation followed by epoxidation 

yielding a similar oxidation pattern to TamI L295A.27 Although the hydroxy is located in a tertiary 

carbon with no hydrogen atom available (unlike the case of GfsF or TamI systems) abstraction of 

the epoxy-hydrogen or nucleophilic opening of the epoxide could still occur to generate products 

similar to 9 and 10 if a different active oxidant species may be accumulated. 

The ability of TamI L295A to utilize H2O2 in lieu of molecular oxygen and NADPH for its 

iterative oxidation cascade is also noteworthy. This unexpected result represents a starting point 

for further design and engineering to improve the efficiency of peroxide-mediated TamI 

catalysis.14 For example, adding small molecules to the reaction or introducing additional 
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variations in the active site to stabilize H-bonding networks necessary for reactivity could facilitate 

an efficient peroxygenase activity for the enzyme,25 maximizing its chemical utility.  

Finally, elucidation of this pathway (1 à 6 à 7 or 7’ à 9 and 10) represents a unique 

oxidative outcome for P450 TamI and is also worth highlighting (Figure 9). In the native system, 

substrate 1 is hydroxylated at C10 to form 2 prior to epoxidation at the C11/12 alkene in a very 

strict sequence. TamI L295A and TamI L101A_L295I represented the first two variants capable 

to divert from the innate substrate reactivity to catalyze the most energetically demanding reaction 

first, a C11/12 epoxidation to produce 6 from 1. With epoxide-containing 6, double variant 

L101A_L295I performed C18 methyl hydroxylation to form 8. In the present study, we 

demonstrate that TamI L295A is the only biocatalyst able to invert the native order of oxidative 

steps and install a C10 hydroxy on 6 to form 7 in vitro. This marks a distinct difference from 

iterative P450 MycG that is not able catalyze hydroxylation of a substrate that is initially 

epoxidized.27 The ability of TamI mutants to invert reactivity in a catalyst-controlled fashion 

facilitates core structure diversification to produce new analogues with unique patterns of 

oxidation.   

Our work enables us to decipher the catalytic machinery that controls the mechanism of 

epoxidation and epoxide-opening iterative cascade to produce tri-oxidized 9 and 10 from 1 by 

P450 TamI L295A (Figure 3.6). This work provides the first mechanistic picture for the 

catalytically active oxygen species involved in TamI. The experimental results flanked by MD 

simulations and DFT calculations show that TamI L295A may not have one common active 

oxidant in its iterative cascade. Indeed, our data suggests that TamI L295A can use the ferric 

hydroperoxide Cpd 0 to catalyze the epoxidation of 1 à 6, then shift to using Cpd I for 

hydroxylation of 6 à 7 or 7’ followed by Cpd I-mediated epoxide opening via a radical pathway 

to form 9 and 10. Interestingly, our computational and kinetic data suggests that the nucleophilic 

peroxo-iron species acts as a viable oxidant for processing 6 à 7 or 7’ à  9 and 10  when formation 

of Cpd I is compromised. We expect that these complementary approaches toward mechanistic 

investigations of iterative cytochrome P450 C-H functionalization and epoxidation biocatalysts 

will inspire engineering efforts to generate novel, bioactive metabolites.   
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Chapter 4* 
Substrate Engineering of P450 TamI to Expand Substrate Scope 

 
4.1 Background and Introduction 

4.1.1 Previous Syntheses of Tirandamycin Natural Products 

Over the last four decades, remarkable synthetic routes have been developed for the 

racemic and enantioselective construction of the biologically active tirandamycin natural product 

molecule.1-3 Most of the reported syntheses focus on generating tirandamycin A (4), one of the 

most bioactive congeners (Figure 4.1), and require extensive protecting and deprotecting 

strategies. Additional efforts have been devoted to synthesizing the terminal product tirandamycin 

B (5),2 less oxidized intermediates tirandamycin C (1),4 E (2)3 and D (3),1 and the 2,6-

dioxabicyclononane skeleton unit alone.5 The first reported total synthesis of tirandamycin dates 

to 1985,6 while tetramic acid analogues streptolydigin and tirandalydigin have only been totally 

synthesized in recently.5 Most of the synthetic strategies towards tirandamycin describe a similar 

retrosynthetic disconnection. These strategies typically share a common enal intermediate (11) that 

undergoes a Horner-Wadsworth-Emmons olefination with a protected phosphonate tetramic acid 

(12) to generate the triene system and the dienoyl tetramic acid moiety (Scheme 4.1A). Reagent 

12 can be prepared from 2,2,6-trimethyl-4H-1,3-dioxin-4-one (14) in four reaction steps including 

allylic chlorination, dimethyl phosphite substitution of the chloro intermediate, generation of the 

β keto amide (17) and Dieckmann condensation. The commonly used protecting group for the 

phosphonate tetramic acid is 2,4-dimethoxybenzyl, DMB, which is essential for the tetramic acid 

condensation to occur successfully. Prior using DMB, the unprotected aldehyde intermediate was 

found to be unstable and prone to degradation. Trifluoroacetic acid (TFA) is used to remove the 

DMB group and yield the desired tirandamycin congener.  

 

 
* Chapter 4 is included in a manuscript in preparation.  
 



 77 

Construction of the bicyclic moiety is often achieved through oxidation of a derivatized 

tetrahydrofuran (THF) ring6 (Scheme 4.1B), addition of methyl lithium (MeLi) and ketalization of 

a lactone-containing intermediate.4 Coupling of the bicyclic moiety and the phosphonate tetramic 

acid then occurs upon exposure of the substrates to t-BuOK followed by TFA-induced deprotection 

of the DMB group to yield the desired final product (Scheme 4.1C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2 Biological Relevance of Derivatizing Tirandamycin 

The core structure of tirandamycin is composed of a dienoyl tetramic acid moiety, one 

triene system, and a 2,6-dioxabicyclononane skeleton. The myriad of tirandamycin congeners that 

have been reported in the literature (obtained either through fermentation or bioenzymatic 

reactions) differ in the extent of oxidation decorating the bicyclic framework that contributes to 

differences in their biological activities.7 We previously reported that a higher degree of oxidation 

in tirandamycin correlates to an exponential increase in bioactivity (Figure 4.1).8 For example, 4 

and 5 show the lowest MIC values against VRE-E. faecalis compared to 1, 2 and 3, suggesting 

that in addition to the C10 ketone, the C11/12 epoxide and C18 primary hydroxy group are key to 

improving biological activity. Another study reports that the more extensively oxidized congener 

Scheme 4.1. Total synthesis of tirandamycin. (A) Synthesis of protected phosphonate tetramic acid 
moiety (B) Synthesis of tirandamycin bicycle (C) Coupling of bicycle and tetramic acid via Horner-
Wadsworth Emmons (HWE) olefination. 
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5 kills the B. malayi adult parasite in a highly selective manner, indicating that tirandamycin 

congeners may serve as a new lead scaffold to treat parasitic diseases. Recent work focused on 

assessing the bioactivity potential of new tirandamycin congeners that display unique patterns of 

oxidation not found in nature9 (i.e. congener 8 harboring an epoxide and C18 hydroxy but no C10 

hydroxy; congener 6 containing a C11/12 epoxide but no hydroxy functionality; congener 9 

harboring a cis diol at C11 and C12 and a C10 ketone). Among the library of new congeners, 

tirandamycin 8 displayed the most potent bioactivity against anthrax-causing B. anthracis 34f2 

and pneumonia-causing S. pneumonia ATCC 49619.  

 

 

 

 

 

 

 

 

Synthetic efforts towards accessing tirandamycin antibiotics are often optimized to 

construct a specific congener, and rely on pre-defining the oxidation state of the molecule early on 

in the synthesis. The need for extensive protecting and deprotecting strategies and pre-determining 

oxidation patterns hinders a direct derivatization method of tirandamycin molecules. 

Consequently, achieving late-stage oxidation of tirandamycin molecules would enable efficient 

derivatization of these bioactive molecules for further biochemical, biological and enzymatic 

assays. 

4.1.3 Substrate Engineering Methods to Facilitate Derivatization 

Although P450 biocatalysts hold great promise as synthetic tools for the generation of 

complex molecules, their relatively limited substrate scope hinders their application as useful 

biocatalysts.10 Protein engineering has been used to tune P450s to accept unnatural substrates,11, 12 

although extensive mutagenesis is usually required for each new substrate.11 Thereupon,  substrate 

engineering has  emerged as an effective alternative strategy to broaden substrate scope.13 This 

innovative approach involves the installation of a readily removable functional group onto an 

unnatural substrate to control its active site binding orientation in a useful manner.14, 15 This 

Figure 4.1. Bioactivity of tirandamycin increases as oxidation levels increase.  

Increased bioactivity 
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chemical modification can lead to productive substrate binding and selective oxidation of 

unnatural substrates using WT enzymes, therefore eliminating the need to  extensively engineer 

the catalyst. Structural data revealing the enzyme-substrate interactions that contribute to substrate 

binding are critical for employing this strategy. The synthetic value of substrate engineering has 

been demonstrated by successfully applying this technique in the development of PikC as a 

powerful oxidation catalyst towards a variety of unnatural substrates harboring the “anchoring 

group” necessary for substrate recognition by the enzyme.16  

Initial analysis of the substrate-bound crystal structure of P450 TamI17 suggested that 

substrate binding in the enzyme active site is facilitated 

by interactions with the tetramic acid moiety. However, 

enzymatic assays showed that these tetramic acid-based 

polar interactions are not essential for catalysis. Instead, 

experimental results indicated that the hydrophobic and 

π−π interactions between Phe92, Leu399 and Ile400 

residues and the conjugated polyene chain of 

tirandamycin were critical for substrate recognition and 

oxidation (Figure 4.2). Exploiting the observed polyene 

chain-based substrate anchoring mechanism could lead 

to recognition and oxidation of unnatural substrates by 

P450 TamI, thus broadening the substrate scope of this 

enzyme.  

To shed light into the structure-activity relationship of tirandamycin synthetic analogues 

and to enable a late-stage diversification strategy to access novel derivatives and expand the 

substrate scope of iterative P450 TamI, we report herein the short and efficient synthesis of a 

tirandamycin bicyclic analogue. In place of the tetramic acid tail, the truncated analogue harbors 

a functional hydroxy handle at the C6 position for further coupling of synthetic “anchors”. The 

unnatural anchoring groups are designed to mimic the conjugated polyene chain and the 5-

membered ring tail of tirandamycin. Most of them are synthesized in two short steps instead of the 

five steps required to generate the protected phosphonate tetramic acid, facilitating access to new 

tirandamycin analogues. This substrate engineering strategy enables productive binding of the 

unnatural molecules into the active pocket of TamI for enzyme-induced iterative oxidation 

Figure 4.2. Simplified representation of 
substrate-bound crystal structure of 
TamI. Tirandamycin C (1) is shown in blue. 
Heme-iron is shown in red. Hydrophobic 
interactions between substrate and residues 
Phe92, Leu399 and Ile400 are essential for 
binding and catalysis.  
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chemistry. Furthermore, this work provides an initial platform to broaden the substrate scope of 

the biocatalyst to include oxidation of unnatural bicyclic and polycyclic moieties that would 

otherwise be difficult to functionalize selectively at a late-stage without extensive functional group 

manipulation and protecting methods. Assessing the degree of substrate flexibility of TamI 

towards a panel of unnatural substrates can shed light on the potential of this P450 to be developed 

into a useful synthetic tool to access new chemical space.  

 

4.2 Design and Synthesis of Tirandamycin Analogues 

4.2.1 Previous Synthetic Strategies Towards a Tirandamycin Analogue 

Inspired by published literature on the synthesis of 1, Jessica Stachowski in the 

Montgomery group at the University of Michigan developed a first- and second-generation total 

synthesis of a tirandamycin bicyclic analogue (23).18 Key elements of the first-generation approach 

(12 steps from a commercially available ester, see Appendix C for details) include allylboration of 

an aldehyde-containing intermediate to yield enantiomerically pure homoallylic alcohol, and ring 

closing metathesis with tetrafluoro-1,4- benzoquinone as an additive to minimize undesired 

isomerization often caused by ruthenium hydride. Subsequent optimizations provided a second-

generation synthesis that is shorter (6 steps, Scheme 4.2A) and bypasses the need for complex 

asymmetric strategies. This was accomplished by excluding incorporation of the C17 methyl, 

which is distant from the points of oxidation in the bicycle and not expected to interrupt enzyme 

catalysis. The commercially available (4S)-(+)-4-(2-Hydroxyethyl)-2,2-dimethyl-1,3-dioxolane, 

18, was used as starting material as it already contains the desired C7 stereochemistry. Using PCC 

oxidation, the dioxolane alcohol is oxidized to the aldehyde 19 in lowered yields due to the 

volatility of the aldehyde. Allylboration followed by acylation provides the ester intermediate 21 

that then undergoes ring closing metathesis to yield 22. Treatment of 22 with MeLi followed by 

pPTS-induced acetonide deprotection and cyclization generates the desired truncated tirandamycin 

bicyclic analogue 23 in a 71% yield. 

4.2.2 Asymmetric Allylation Optimization: A 5-Step Synthesis Towards a Tirandamycin 

Analogue 
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We envisioned bypassing the formation of the volatile aldehyde intermediate 19 to increase 

the total yield of the synthesis and lower the number of reaction steps. This was achieved by 

optimizing an iridium-catalyzed asymmetric allylation reaction, inspired by Krische and co-

workers,19 to form the homoallylic alcohol 20 in one step from 18. After testing various 

commercially available chiral ligands, the (R)(+)-Cl-MeO-BIPHEP ligand showed to be the most 

effective one leading to the formation of the desired enantiomeric product in a 65% isolated yield  

and shortening the synthesis from six to five steps total (Scheme 4.2B).  

 

4.2.3 Synthesis and Coupling of Synthetic Anchors to a Tirandamycin Analogue 

With a short and scalable synthesis of tirandamycin bicyclic analogue 23 optimized, we 

then envisioned developing a substrate engineering platform to expand the substrate scope of P450 

TamI. First, we aimed at designing and synthesizing simplified anchoring groups that harbor the 

structural features needed for productive substrate binding in the enzyme. Inspired by previous 

structural and enzymatic studies,13 we anticipated that the conjugated polyene chain is a required 

structural component for substrate recognition while the tetramic acid moiety may not be as 

Scheme 4.2. Synthetic strategies towards a tirandamycin bicyclic analogue. (A) Second-generation 
total synthesis includes 6 reaction steps. (B) Asymmetric allylation optimization . 
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essential. However, many questions were left unanswered. 1) What is the extent of the conjugation 

required (i.e. diene vs triene) for catalysis? 2) Can P450 TamI accept a substrate without a 5-

membered ring at the tail of the molecule? 3) Can the enzyme oxidize a substrate with a 

hydrocarbon 5-membered ring (and no oxygen or nitrogen atoms)? Addressing these questions 

would guide substrate engineering efforts towards broadening the biocatalyst’s substrate scope. 

Therefore, we decided to synthesize a series of simplified synthetic anchors containing one, two 

or three double bond systems, a hydrocarbon 5-membered ring or no ring at all, or a 6-membered 

conjugated ring (Figure 4.3). Each anchor contains a carboxylic acid to facilitate coupling to the 

hydroxyl-containing tirandamycin bicyclic analogue.  

Docking experiments were performed using Autodock 4.0 and the P450 TamI crystal 

structure to prioritize anchors that would potentially lead to the tightest binding affinity in the 

enzyme (see Appendix C for details). Results suggested that 25 and 30 could serve as ideal anchors 

to replace the polyene linker of tirandamycin. The calculated binding energies for these two 

anchors reasonably compared with the binding energy observed in the tirandamycin system. 

Inspired by previously published literature, we designed a synthetic route to obtain the anchors of 

interest from inexpensive commercially available reagents, and in the minimum number of steps. 

The synthesis of 25 was previously reported,20 however four steps were required to obtain the 

desired product. Inspired by similar work21 where authors used cyclohexanone as the starting 

material generating a 6-membered version of 25, we were able to shorten the synthesis from four 

to two steps (Scheme 4.3). The desired carboxylic acid was obtained in >99% ee. The synthesis of 

Figure 4.3. Design of synthetic anchors for substrate engineering efforts with TamI.  
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30 was followed as previously published22 starting with freshly distilled sorbaldehyde generating 

a 56:1 E/Z ratio (as determined by H-NMR) after re-crystallization and sublimation. Yamaguchi 

esterification conditions were then utilized to couple the carboxylic acid-containing synthetic 

anchors to the tirandamycin bicyclic analogue harboring a hydroxyl handle (Scheme 4.3). 

 

 

 

 

 

 

 

 

 

 

4.3 Substrate Engineering Efforts to Expand Substrate Scope 

4.3.1 Enzymatic Reactions with Synthetic Tirandamycin Analogues and Computational 

Investigations 

 The two synthetic tirandamycin analogues were tested for oxidation catalysis with P450 

TamI. We reasoned that given the non-polar nature of the synthetic analogues, TamI mutants that 

introduce hydrophobic residues in the enzyme where the tetramic acid tail of tirandamycin usually 

sits may better accommodate the synthetic substrates for oxidation. Thus, TamI mutant 

S397A_T398A was prioritized for testing. No product formation was detected when testing the 

triene-containing substrate 34 (Figure 4.4A) with TamI S397A_T398A or WT. It is reasonable to 

imagine that the lack of a tetramic acid moiety perturbs substrate binding in the active site of the 

enzyme inhibiting catalysis. To interrogate this assumption, we performed MD simulations with 

TamI WT and a truncated tirandamycin C analogue lacking a tetramic acid ring (Figure 4.5). We 

found that the root-mean-square deviation of the analogue is much higher compared to 

Scheme 4.3. Synthesis of tirandamycin analogues harboring simplified anchoring groups. 

23% 
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tirandamycin C substrate (1) that maintains a more stable geometry and orientation within the 

enzyme. The truncated tirandamycin occupies multiple different orientations in the enzyme’s 

active site, suggesting that the tetramic acid ring is critical to generate the correct geometry for 

oxidation by P450 TamI. This computational observation agrees with the lack of oxidative 

reactivity detected experimentally with 34. Previous enzymatic assays showed that the polar 

interactions between the tetramic acid heteroatoms and the active site are not essential for binding 

and catalysis.17 However, these results did not exclude the possibility that a 5-membered ring 

moiety is required to stabilize the orientation of the substrate to maintain the proper geometry for 

catalysis to take place.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, substrate 33 led to approximately 70% conversion to oxidative products with 

double mutant S397A_T398A (Figure 4.4B). No oxidative reactivity was observed with any other 

TamI enzyme including WT. Three single oxidation products were detected, and 60% of the total 

conversion corresponded to the product with retention time of 13.5 min.  Unexpectedly, no double 

or triple oxidation products were formed unlike what we typically observe in the TamI WT system 

Figure 4.4. Enzymatic reactions with synthetic tirandamycin analogues. (A) Analytical reaction with 
substrate 34 and TamI L397A_T398A. LC-MS spectra extracted at 280nm. The substrate standard is 
shown in black (M+H = 305.18) and the crude reaction is shown in red. No product was detected. (B) 
Analytical reaction with 33 and TamI L397A_T398A. LC-MS spectra extracted at 280nm. The substrate 
standard is shown in black (M+H = 319.19) and the crude reaction is shown in red. Three single oxidation 
products were detected (M+H = 335.18). (C) Reactions with 33 and additional TamI mutants S397A and 
T398A. LC-MS spectra extracted at 280nm. 
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where consecutive oxidations occur. At this point, we don’t fully understand what leads to a single 

oxidation event rather than a multi-step oxidative cascade. We reasoned that it could be either the 

non-polar characteristics of the anchoring moiety in 33 (that lack the ability to form polar 

interactions with the enzyme’s active site) or the mutations introduced that limit the ability of the 

enzyme to catalyze consecutive oxidation reactions. To probe if both serine and threonine 

mutations were required for binding and catalysis, single mutants S397A and T398A were 

engineered, harvested, and tested with 33. Minimal product formation was observed with either 

single mutant (Figure 4.4C). Thus, we concluded that both mutations at the Ser397 and Thr398 

sites are required for productive binding and catalysis with 33. MD simulations with P450 TamI 

and substrate 33 were performed to further investigate the reactivity observed. Unlike 34, substrate 

33 maintains a stable geometry within the active site for the entire length of the simulation (Figure 

4.6A). This indicates that the 5-membered hydrocarbon ring at the tail of 33 is key in maintaining 

a proper substrate orientation for catalysis. The simulations also revealed that residues Phe92 and 

Ile400 (critical for substrate binding) did not undergo significant changes in orientation and 

remained close to the substrate during the entire simulation. The distances of key carbon atoms of 

the 33 bicyclic ketal moiety (C10, C11, C12 and C18) to the heme-iron were measured to predict 

the regioselectivity of the 

oxidation event (Figure 

4.7B). For the first 450 ns of 

the simulation, C10-H (S) 

(light blue) is closest to the 

heme-iron (within 3Å) and 

thus, more likely to be 

abstracted. However, at 

around 500 ns and for the 

rest of the simulation, C18-

H (dark blue) is closest to the 

heme-iron. These 

computational results 

suggest that P450 TamI may 

oxidize substrate 33 in an 

Figure 4.5. MD simulations of TamI with a truncated tirandamycin. 
(A) Simulations of P450 TamI WT with 1 show the substrate maintains a 
stable geometry throughout the 500 ns. (B) Simulations of P450 TamI 
WT with a truncated tirandamycin lacking the tetramic acid moiety show 
the substrate occupies multiple different binding poses, indicating 
perturbed substrate binding. Residues Phe92 and Ile400, critical for 
binding and catalysis, are shown in sticks. 
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unselective fashion, an assumption that is supported by enzymatic data. It is possible that one of 

the minor oxidation products detected by LC-MS refer to the predicted C10 hydroxylated product, 

while the major mono-oxidation product contains a C18 hydroxyl.  

 

To further probe the chemical utility of anchor 25, 

substrate 36 was synthesized from commercially available 

cyrene (Figure 4.7). Unlike with 33, no oxidative 

reactivity was detected when testing substrate 36 with 

TamI S397A_T398A or WT (see Appendix C for details). 

This result suggests that although anchor 25 enables 

enzymatic oxidation of tirandamycin bicycle analogue 23, 

it does not facilitate recognition of the less structurally 

related bicycle 36. Examination of the five top occupied 

clusters of docking simulations with TamI and 36 shows 

the substrate in an unfavorable orientation and geometry 

for catalysis via the oxo-iron species (Figure 4.7). The 

bicyclic moiety of 36 points away from the heme iron and 

residue Phe92 (critical for recognition and binding via 

hydrophobic interactions with anchor 25) is not close in 

Figure 4.7. Molecular docking of TamI 
with substrate 36. (A) Structure of 
substrate 36. For details on synthesis, see 
Appendix C. (B) Docking simulations 
with P450 TamI and 36.  

Figure 4.6. MD simulations with tirandamycin analogue 33. (A) Simulations of P450 TamI WT with 33 
show the substrate maintains a stable geometry and orientation. (B) Distances of key carbon atoms (C10, C11, 
C12 and C18) of 33 to the heme-iron. 
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proximity to the conjugated polyene moiety in 36. These simulations suggest perturbed substrate 

binding for substrate 36, which supports the lack of oxidative activity detected with P450 TamI 

experimentally. 

 

4.4 Discussion  

 The work described herein demonstrates the ability of biocatalyst P450 TamI for 

accommodating and oxidizing unnatural substrates that harbor key structural features for binding 

in the enzyme’s active site. Using a substrate engineering approach, we designed and synthesized 

various tirandamycin analogues that interrogate important questions towards maximizing the 

chemical utility of P450 TamI including 1) What are the substrate’s structural requirements for 

binding and oxidation with P450 TamI? and 2) What is the substrate scope of the enzyme and can 

it be expanded by exploiting the native substrate’s anchoring mechanism? 

 To begin our studies, the total synthesis of a tirandamycin bicycle analogue was optimized 

using an asymmetric allylation methodology. This optimization shortened the total number of 

reaction steps required to produce the bicycle analogue, facilitating its access for further testing. 

Guided by previous structural and enzymatic studies17 and new docking experiments, we designed 

and synthesized simplified anchoring groups 25 and 30 that contain a conjugated polyene system 

that could interact via hydrophobic and π−π interactions with active site residues Phe92, Leu399 

and Ile400 and facilitate recognition and binding of unnatural substrates in P450 TamI (Scheme 

4.3). Anchor 30 contains a triene without any cyclic ring tailing the molecule and thus it allows us 

to interrogate if a cyclic moiety is required for proper substrate positioning in the enzyme. Anchor 

25 contains a diene with a 5-membered hydrocarbon ring, helping us interrogate whether a cyclic 

moiety is needed at all for recognition by P450 TamI and whether the oxygen and nitrogen atoms 

in the tirandamycin tetramic acid moiety are necessary for substrate binding and oxidation or not. 

Both synthetic anchors contain a carboxylic acid group that facilitate coupling to the alcohol-

containing tirandamycin bicyclic analogue 23 via a Yamaguchi reaction. Double variant TamI 

S397A_T398A was prioritized for testing with the tirandamycin analogues given that the mutant 

introduces a more hydrophobic environment in the active site (near where the tail of the 

tirandamycin substrate typically sits) and thus may better accommodate the highly non-polar 

synthetic analogues.  
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End-point assays revealed that substrate 34 (containing linear anchor 30) is not oxidized 

by P450 TamI or variants. MD simulations with a truncated tirandamycin C (1) analogue that also 

lacks the tetramic acid showed that in the absence of a ring moiety the substrate adopts multiple 

bindings poses within the enzyme’s active site, perturbing substrate binding and oxidation. 

Meanwhile, analytical enzymatic reactions with 33 led to significant three single oxidation 

products with TamI S397A_T398A. MD simulations showed that unlike 34, this ring-containing 

analogue does maintain a proper geometry and stable conformation within the enzyme’s active site 

for the entire length of the simulation, enabling productive TamI-mediated oxidative catalysis. MD 

simulations with 33 predicted that hydroxylation may be occurring at the C10 and C18 sites of the 

substrate, with a strong preference for the primary C18 methyl group. 

To probe if P450 TamI could accept a bicyclic moiety other than the tirandamycin ketal 

one that comprises a bicyclo[3.3.1]nonane system, substrate 36 (bicyclo[3.2.1]octane) was 

synthesized. No oxidative reactivity was observed when testing this substrate with TamI enzymes, 

indicating that P450 TamI is limited to catalyzing oxidation of a tirandamycin-like bicyclic moiety. 

It is reasonable to hypothesize that a proposed H-bonding interaction between the oxygen atoms 

of the native bicycle group and the Nε of active site residue His102,17 interaction that appears to 

be missing in 36, is key to enable substrate recognition and oxidation by P450 TamI.  

These results provide important insights into the substrate structural requirements for 

oxidation by P450 TamI: 1) A conjugated polyene system is required for recognition and oxidation 

by the enzyme, and it appears that a diene is sufficient for turnover (instead of the triene moiety 

found in the native tirandamycin substrates); 2) A cyclic ring moiety is also required for enzymatic 

oxidation with P450 TamI, and it seems as if a hydrocarbon ring lacking the oxygen and nitrogen 

atoms found in the native substrate may suffice; 3) A synthetic analogue harboring a 

bicyclo[3.2.1]octane system is not oxidized by the enzyme, suggesting that either a nonane system 

is needed and/or that the octane one did not allow for a key potential interaction between the 

bicyclic heteroatoms and the enzyme’s active site required for productive binding.  

 Although thought-provoking, our data also prompts additional questions that future studies 

will focus on answering including 1) Why are only single oxidation products (and not double or 

triple oxidation ones) detected with substrate 33 and double variant S397A_T398A?; 2) Can the 

enzyme accept a tirandamycin analogue with a 4- or 6-membered ring and how does this impact 

selectivity?; 3) Can P450 TamI oxidize a bicyclo[3.3.1]nonane-containing substrate lacking 
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heteroatoms and comprising only C-H bonds?; 4) Can P450 TamI oxidize any other bicyclic or 

polycyclic moieties? 

 This work demonstrates that the tetramic acid moiety is not essential for P450 TamI to bind 

and oxidize substrates. Particularly, a conjugated polyene containing a 5-membered hydrocarbon 

ring was sufficient for oxidation to occur. Sherman and co-workers17 had previously identified that 

the conjugated polyene moiety of tirandamycin is needed for substrate binding and this work 

expands this observation to include the importance of a ring moiety in the substrate for enzyme 

recognition and oxidation. Although our results also indicate that P450 TamI may be limited to 

catalyzing oxidation of bicyclic moieties that mimic the tirandamycin native bicyclic group, more 

synthetic analogues should be tested prior reaching a definite conclusion. Overall, our 

investigations provide an initial platform for further substrate engineering efforts with P450 TamI 

biocatalysts to facilitate iterative oxidation catalysis of unnatural synthetic analogues harboring 

bicyclic groups that are difficult to selectively oxidize using current synthetic C-H 

functionalization methods.  
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Chapter 5* 
Microbiome Mapping of the Peruvian Boiling River 

 
5.1 Background and Introduction 

5.1.1 The Amazon Rainforest and its Macro- and Microdiversity 

Highly biodiverse areas, including the tropics, are considered a rich source of new, 

structurally intriguing microbial-derived molecules that could serve as important leads to develop 

novel clinically relevant drugs including life-saving antibiotics.1 New molecular scaffolds often 

reveal the activity of powerful biocatalysts that perform complex chemistry with high levels of 

selectivity and turnover efficiency. For example, the remarkable iterative P450 TamI biocatalyst 

(that performs C-H hydroxylation and epoxidation with exquisite stereo- and regioselectivity as 

described in Chapters 2-4) was isolated from the marine sediment-derived Strep. sp. 307-9 

bacterium collected from the US Virgin Islands.2 Isolation and taxonomical identification of the 

producing bacterium, and structural elucidation of the tirandamycin antibiotic natural products 

enabled the discovery of P450 TamI and its role in oxidative tailoring of the tirandamycin 

biosynthetic pathway. Thus, exploring biodiverse-rich areas with untapped microbial ecosystems 

can facilitate discovery of rare bacterial species that produce new molecular scaffolds occupying 

a highly diverse chemical space and harbor biocatalysts useful to organic chemists for the synthesis 

of bioactive molecules.  

The Amazon Rainforest (also referred to the forests of the Amazon Basin, Figure 5.1) is 

considered the largest and most biodiverse tropical forest in the planet.3 It is mainly composed of 

lowland and terra-firme areas (non-flooded), although other intriguing Amazonian ecological 

niches exist including white sand soils (known as campinas) and seasonally flooded forests such 

as várzeas and igapós.4 The biodiversity in this region can vary drastically among each Amazonian 

ecosystem, with distinct spatiotemporal patterns identified for species richness in vertebrates and 

trees.5  

 
* Chapter 5 is included in a manuscript in preparation. 
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Although Amazonia is considered 

a global biodiversity hotspot, the 

biodiversity patterns elucidated in the 

area have been primarily focused on 

macroscopic organisms living above-

ground including flora and fauna.5 

Conversely, the diversity of 

microorganisms in the region, including 

bacteria and fungi, has been severely 

understudied and can be referred to as the 

“hidden biodiversity” of the Amazon 

Rainforest.4 Despite of their 

overwhelming abundance, most 

Amazonian microorganisms, their 

geographical distribution, the molecules 

they produce, and the biocatalysts they 

harbor remain elusive. This gap in 

knowledge biases our understanding of 

Amazonian biodiversity, hinders 

scientific progress in the area and can 

negatively impact the implementation and execution of conservation efforts to ensure sustainable 

development and preservation of the Amazonian jungle.  

Elucidation of the Amazonian microdiversity has been hampered due to complications in 

obtaining research permits, safely accessing the area for sample collection, and identifying 

taxonomy due to poorly characterized reference sequence databases available for the region. Thus, 

the majority of Amazonian microbes have yet to be identified and mapped to improve our 

understanding of their chemical and biological relevance in Amazonian ecosystems.4  Culture-

independent surveys of microbial communities based on high-throughput metagenomic DNA 

sequencing of targeted regions of 16S rRNA genes have expanded our understanding of microbial 

community composition, diversity, and dynamics, and enable characterization of the microscopic 

biodiversity found in poorly sampled sites in the Amazon Rainforest.6 

Figure 5.1. Amazon Rainforest map. The Amazonia region 
(6.7 million km2) is delineated in a dark, green line. The 9 
countries that share the Amazon jungle are labeled in yellow. 
The course of the Amazon River is shown with a white line. 
The Peruvian Boiling River is shown with a red mark. 
Amazon deforestation hotspots (as of August 2019) are 
shown in dark red circles. The fire intensity is approximated 
by the size of the circle. The map was generated using Google 
Earth Pro. 
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5.1.2 The Boiling River of the Peruvian Amazon 

One of the most unique ecosystems found in all of Amazonia is located in the heart of the 

Central Peruvian Amazon, the Shanay-

timpishka Geothermal System, popularly 

known as the “Boiling River of the 

Amazon” (Figure 5.2).7 Culturally, the 

Boiling River has been a site of great 

significance to the local Amazonians for 

many generations, and many still regard 

it as a sacred place of healing and great 

spiritual power. It is located in Peru’s 

Huánuco Department, Puerto Inca 

Province, and Honoria District; roughly 

50 km southwest of the city of Pucallpa 

(the principal city of Peru’s Central 

Amazon, population circa 330, 000). A 

detailed discussion of the Boiling River, 

its ecosystem, and history can be found 

in Ruzo (2016)7 and Ruzo et al., in 

progress.8 

Summarized, the Boiling River is 

located on the northern end of a geologic 

structure known as the Agua Caliente 

Dome, found near the center of the 

Ucayali Sedimentary Basin, and part of 

the tectonic deformation that created the 

Sira Mountains.8 The river flows into the 

Pachitea River, which in turn flows into 

the Ucayali River, and ultimately the 

Amazon River. It is considered one of the 

world’s largest thermal rivers, in spite of 

Figure 5.2. Peruvian Boiling River photos. A) The hottest 
sections of the Boiling River reach over 200ºF in 
temperature. B) Areas rich in flora diversity flank the river. 
C) Large algae mats can be found in some sections of the 
Boiling River during specific times of the year. Photos were 
taken by Stephanie King. 
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being located over 700 km away from the nearest active volcanic center. The river flows hot for 

roughly 6.24 km, and reaches a maximum (non-flood) width and depth of circa 30 m and 4.5 m, 

respectively. The hottest temperature measured was a geothermal spring at 99.1 ºC, and the river 

itself can reach over 90 ºC in sections, particularly during the dry season when rain-input is at a 

minimum. It should be noted that though the river’s water temperature may vary with rain-inputs, 

the geothermal springs remain stunningly consistent in their temperatures as geochemical 

parameters, independent of season.  

 The Boiling River starts off as a small, ambient-temperature stream, which flows for 

roughly 3 km before encountering multiple series of fault-fed hot springs, which inject geothermal 

waters into the stream, raising its temperature and volume until it becomes the imposing “Boiling 

River. The total river system, ambient and thermal, runs roughly 9 km. At specific points the 

temperature lowers enough for locals to shower and play in the river. It is likely that each habitat 

hosts microbial communities with distinct structures.9 Geologically, the section of fault-fed hot 

spring injection is strongly associated with the Agua Caliente Formation, a Cretaceous-age unit, 

which in this area is defined by very clean sandstones, originally deposited in a shallow-marine 

environment, and it’s known as an ideal aquifer. 

 The geochemistry of the Boiling River and its springs is exceedingly clean, with 

most of its waters exhibiting circa-neutral pH, low electrical conductivities, and low total dissolved 

solids, to the degree that some elemental fingerprinting work has been difficult to complete due to 

a lack of natural geochemical tracers in the waters and minerals. Although extensive geoscientific 

and anthropological investigations are ongoing, the river’s microbiome remains unexplored. 

5.1.3 Ecological Importance of Studying the Boiling River 

Deforestation associated with legal and illegal development pose a critical risk to the health 

and well-being of the Amazon and Boiling River ecosystems. Deforestation dramatically reduces 

the microbial diversity of a particular environment, affecting the dynamics of the local ecosystem 

in a long-lasting way.10 Local deforestation in the Boiling River area already appears to be 

impacting this once-pristine ecosystem, as thinned or cleared jungles result in increased run-off 

sedimentation. Given the increasing impacts of human activity on the Boiling River, the 

importance of this study becomes even more pressing as we face the risk of potentially losing 

microbial life in the Boiling River Area before we get an opportunity to document and understand 

it, and its natural product biosynthetic potential. Unfortunately, this devastating truth is not isolated 
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to our area of investigation as deforestation rates in the entire Amazon Rainforest continue 

skyrocketing. More than a quarter of the Amazon biome is predicted to vanish by 2030 if no action 

is taken.11 As we continue to lose Amazonian biodiversity, it is tragic to note that although the 

Amazon is home to one in ten known species on the planet and one of the most biodiverse areas 

on earth, the bacterial diversity of this fascinating ecosystem is one of the least understood.10 

Satellite-image based deforestation losses for the region by the Boiling River Project (conservation 

focused non-profit) estimated that roughly half a soccer of Peruvian Amazon is lost every minute. 

This estimate was determined prior to the COVID-19 pandemic, and deforestation loses are 

expected to have increased significantly.  

Besides aiding in the study of Boiling River, documenting the microscopic life thriving in 

this area before further deforestation occurs will further general understanding of Amazonian 

microbial biodiversity and the unique extremophiles that have evolved to survive in the most 

challenging conditions at the center of the Peruvian Amazon. Understanding the bio-assets 

possible from the Boiling River Area’s microbes, will also be key in informing the government on 

how to best sustainably manage this unprotected, exploitable area. We must explore, document, 

and investigate the Boiling River Area and the uncommon forms of life thriving within and along 

its rivers before the area is too highly impacted by human activity and before the fires of 

deforestation reach sensitive parts of this remarkable microscopic universe. 

5.1.4 Amazonian Extremophiles as a Source of Natural Products and Thermostable Biocatalysts 

Despite its inhospitable conditions, many forms of life, including blue-green algae, flourish 

in and around the Boiling River. Local microorganisms have evolved their genomes to include 

unique survival advantages so they can adapt and reproduce in this highly selective environment. 

It is also reasonable to imagine that previously undocumented species have emerged over time as 

a result of the external stress.12, 13 The heat-loving microorganisms in the Boiling River must have 

particular genotypes that allow them to live in temperature ranges inhospitable for many 

organisms, or, as is regularly seen in the Boiling River, kill terrestrial species that fall into it. Using 

cutting-edge technologies14 to unveil the remarkable microbiome of the Boiling River Area will 

provide unparalleled insights into the creation and development of each river and advance 

scientific knowledge about unique aquatic ecosystems that harbor extremophiles. 
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Unique microbes capable of thriving under extreme conditions have been found at the base 

of the tree of life.15 In fact, hyperthermophiles (organisms living at temperatures higher than 

140°F) are considered to be the ancestor of bacteria, the earliest known life form.16, 17 These 

findings may support the Thomas Gold’s “deep, hot biosphere” theory.18, 19 He hypothesized that 

life on earth started with microbial life growing many kilometers below the surface, in the pores 

of grains in rocks, where temperatures are highly elevated. Despite the increasing interest in 

studying extremophiles to gain new insights into the origin of life, further investigation of the 

subsurface microbiome is needed.18 We know that the Boiling River “boils” due to fault-fed hot 

springs whose are likely surging up from at least a mile below the surface.7 Can the Boiling River 

Area hyperthermophiles serve as models of primordial organisms? Can they provide key new 

evidence to support the theory of a hot origin of life? Can the study of these organisms give us a 

glimpse at life in the deep-subsurface of the Amazon? Phylogenetic analysis of the local 

microbiome will reveal their evolutionary lineage and provide valuable insights into how life on 

the Amazon began.  

Moreover, extremophiles have arguably been humanity’s “best-friend” in the modern era. 

They have taught and helped us “hack,” copy, and manipulate genetic codes, thus allowing us to 

make new medicines, materials, and even figure out our ancestry.20 Simply studying one 

extremophile from the geothermal pools of 

Yellowstone National Park (Thermus 

aquaticus) allowed us to open the modern 

genetic age, and even opened up multi-

billion-dollar industries.21 If this was possible 

at Yellowstone, what can happen when we 

study a geothermal “hot bed of life,”22 in the 

heart of one of the worlds mega-biodiverse 

region? Studying these organisms may yield 

valuable biotechnology tools and research 

probes with applications in commonly used 

laboratory techniques such as the Polymerase 

Chain Reaction (PCR) method,23 or in the 

billion-dollar industry of bioremediation and 
Figure 5.3. Extremophiles and their optimal 
environmental temperature ranges.  
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oil-spill cleanup.24 These unique microbes can also lead to the discovery of intriguing secondary 

metabolites with biological properties against an array of life-threatening conditions including 

cancer and infections.25, 26 Additionally, analyzing the molecular machineries of these bacteria can 

result in the identification of powerful enzymes that perform intrinsic chemistry unmatched by 

current synthetic methods, such as cytochrome P450 enzymes, improving access to biologically 

relevant molecules.27, 28 Our specific objectives involve leveraging cutting-edge metagenomics, 

genomics and bioinformatics technologies to perform a meta-analysis of the microbial samples 

collected and generate the first local reference bacterial database of the Boiling River Area. 

Advancing scientific knowledge of the unexplored extremophiles that exist in the Boiling River 

Area will benefit the global community in four ways including: 1) Expanding the Earth’s microbial 

biodiversity by discovering and characterizing previously undocumented29 and biotechnologically 

relevant extremophiles and extremoenzymes before they go extinct; 2) Elucidating the 

mechanisms upon which natural selection enables local bacteria to survive under conditions 

traditionally considered detrimental; 3) Providing insightful details about the evolution of 

Amazonian life as well as the development of natural extreme rivers within the jungle using 

phylogenetic and taxonomic analysis; 4) Expanding the world’s chemical and biocatalytic 

diversity by investigating extremophiles for their potential to generate unusual metabolites, and 

their corresponding biochemical assembly processes.  

In the present study, we use metagenomics techniques to estimate bacterial and archaeal 

diversity in environmental sediment samples from 19 survey collection points (referred to as 

“stations”) across the Boiling River of the Peruvian Amazon using ribosomal 16S rRNA gene 

sequences and Amplicon Sequence Variants (ASVs) as proxies. Our work provides the first large-

scale biodiversity assessment across the Peruvian Boiling River including mapping of the soil 

microbial communities and elucidation of the geochemical and geophysical factors impacting the 

ASV patterns observed for bacterial richness and composition. This work serves as a framework 

for future genome mining of intriguing sediment samples to identify potential thermostable 

biocatalysts that perform difficult chemical reactions, including late-stage C-H functionalization, 

and new molecular scaffolds that could serve as leads to develop new antibiotic pharmaceuticals.  
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5.2 Boiling River Sampling Expedition 

5.2.1 Obtaining Research Permits from the Peruvian Government 

The sample collection process and research work described herein are carried out in 

collaboration with the Universidad Nacional Agraria La Molina (UNALM), located in Lima, Perú 

and with the Boiling River Project led by geologist Andrés Ruzo from Southern Methodist 

University, located in Dallas, Texas. Specifically, the Sherman Laboratory at the University of 

Michigan and the Laboratory of Mycology and Biotechnology at UNALM have had an ongoing, 

synergistic research collaboration for many years built upon the development of a collaboration 

agreement (also known as Memorandum of Understanding, MOU). This international partnership 

has resulted in two scientific publications reporting high-quality, whole genome sequences from 

distinct fungal strains isolated from Amazon Rainforest soil.30 

Figure 5.4. Peruvian Boiling River map. The perimeters for each sampling station are depicted in red. A 
total of 19 stations were sampled. For a close-up view and precise location of each station, refer to Appendix 
D. For specific values, refer to Table 5.1. Samples were collected from inside the water, riverbank or from 
a few feet from riverbank. The station’s microclimate temperature range is shown in yellow as M 
(mesophilic, 15- 45 °C), T (thermophilic, > 45°C) and H (hyperthermophilic, > 80 °C).  
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To follow best practices, ensure fairness and safety, and comply with the ethical standard 

of research including the Nagoya Protocol on Access and Benefit Sharing,31 we obtained research 

and collection permits from the Ministry of Production (PRODUCE) in Lima, Peru (Nº 540-2019-

PRODUCE/DGPCHDI and Nº 00151-2020-PRODUCE/DGPCHDI). Lasting for multiple 

months, this process included 1) Renewing the MOU between University of Michigan and 

UNALM; 2) Writing a research proposal in Spanish including a detailed description of our 

objectives and methodologies and following PRODUCE’s formatting requirements; 3) Obtaining 

high-quality geographical maps of the Boiling River Area describing the sampling sites (Stations) 

with GPS coordinates (developed by a contracted local geospatial engineer) ; 4) Creating a model 

field tab following PRODUCE’s requirements for field notes collection; 5) Attending regular 

meetings with decision-maker officials within PRODUCE to provide further details on our 

research proposal and methodology as needed; and 6) Providing signed documentation that shows 

the Life Sciences Institute at University of Michigan supports our research work and collection 

expedition in Peru. As a result of this work, the Sherman Laboratory became the first academic 

research laboratory in the United States to obtain a research and collection permit to study free-

living microbial species (not living in symbiosis with higher forms of life such as plants or animals) 

found in Peruvian territory. The process we initiated, followed, and completed now serves as a 

framework to facilitate future permit applications for scientific research and collection of microbial 

samples in Peru.   

5.2.2 Design and Execution of Sampling Strategy  

The sampling design covered the lower, middle, and upper courses of the Boiling River. A 

total of 19 sampling sites (stations) were prioritized based on accessibility and unusual 

geographical features including noticeable smells of sulfur-like gases. The 19 stations varied in 

temperature including warm to hyperthermophilic environments (22.0 – 93.7 °C), pH including 

acidic to alkalophilic microclimates (6.44 – 8.48) and electrical conductivity or EC (123.5 – 3051.0 

uS/cm). Sediment samples were collected from different points within each station including under 

water, riverbank and from a few feet from the riverbank. Samples were qualified as wet or dry 

based on qualitative field observations. Some wet samples contained a small amount of inseparable 

vegetation litter or cyanobacterial filaments. After collection, samples were stored in secured, 

previously labeled, heat-resistant plastic tubes. GPS coordinates and general field observations, 

such as water and odors, were documented. High-quality photographs and videos were taken at 
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each sampling site to showcase current sampling conditions and document the macroscopic view 

of our fieldwork. When applicable, sediment was collected as surface samples, discrete-depth 

samples, and depth-integrated samples. The sampling device was made of stainless steel to avoid 

contamination of organic compounds present in the sample. Samples were immediately stored at 

40°F after their arrival at the Sherman Laboratory at University of Michigan (USDA Permit N° 

P526P-18-04189, regulated by 7 CFR 330). Strict safety guidelines were followed to ensure the 

security of each team member during sample collection. 

 

5.3 Characterization of the Boiling River Microbiome 

5.3.1 Isolation of Metagenomic DNA and Sequencing the 16S rRNA gene 

 A total of 114 sediment samples (six samples per station) were processed for total DNA 

extraction using the DNeasy PowerSoil Kit and following the manufacturer’s instructions with 

minor modifications (see Appendix D for details). We targeted, amplified, and sequenced the V3-

Table 5.1. Boiling River microclimates. The physicochemical values shown in this table represent the 
microclimate conditions of each sampling station, with the closest associated Boiling River water 
parameters included. Samples were collected from inside the water, riverbank or from a few feet from 
riverbank. The station’s microclimate temperature range is shown as M (mesophilic, 15- 45 °C), T 
(thermophilic, > 45°C) and H (hyperthermophilic, > 80 °C). The annotation n.d. refers to no data available.  
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V4 regions (approximately 460 bases) of the ribosomal 16S rRNA gene using GENEWIZ 

metagenomics services, which followed standard protocols using the Illumina MiSeq 2x250 

platform. A bioinformatic pipeline was developed in-house to process the metagenomic 16S rRNA 

gene sequences and generate ASV data using DADA2, QIIME 2.0 and RStudio (see Appendix D 

for details). 

5.3.2 Microbial Diversity Meta-Analysis 

 We obtained a total of 13,583,684 reads that resulted in 60,296 unique ASVs using the 

DADA2 pipeline and strict parameters (99% similarity cutoff using SILVA SSU 138.1),32, 33 with 

59,880 ASVs for bacteria, 183 ASVs for archaea, and 47 ASVs for eukaryota at the domain level 

(see Appendix D for details including rarefaction curves and sequence quality). A total of 186 

ASVs were unassigned. After filtering, denoising, and merging, the resulting ASVs were 443 bp 

long in average, with 98% of sequences consisting of 467 bp total. In the bacterial domain, a total 

of 10 established and 1 candidate phyla taxa were detected in 1% or more of the 114 samples and 

56 phyla groups (including 31 candidate phyla) were found in < 1%. Approximately 0.74% of 

bacterial ASVs could not be further classified, indicating that a considerable proportion of novel 

microorganisms were detected that are different from those included in bacterial reference 

databases. 

5.3.2.1 Taxonomic Composition 

The taxonomic composition of the bacterial domain (1% cutoff) depicts that the phylum 

with the highest number of ASVs is Proteobacteria (37.4 % of the bacterial taxa identified in the 

114 samples, most of which belong to Alphaproteobacteria and Gammaproteobacteria, Figure 

5.5). This agrees with previous studies describing the microbial composition of other temperate 

and hot thermal springs around the world where Proteobacteria dominates.34-36 In general, this 

taxon is well distributed among Boiling River samples with a slightly higher abundance in stations 

11BR (2.59 %), 19BR (2.54 %), 17BR (2.34 %), 3BR (2.26 %) and 1BR (2.25 %), compared to 

stations 8BR (1.42 %) and 16BR (1.17 %) (Figure 5.6). The next most numerous phyla are 

Actinobacteriota (15.5 %, with Actinobacteria and Thermoleophilia as the most abundant classes), 

Bacteroidota (11.8 %, most of which belong to Bacteroidia), Firmicutes (10.1 %, with Clostridia 

as the predominant class), Acidobacteriota (8.6 %, with dominant levels of Vicinamibacteria and 

Acidobacteriae) and Chloroflexi (7.2 %, with Chloroflexia as the most prevalent class group). The 
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least frequent phyla include Cyanobacteria (3.7 %, Cyanobacteriia), Myxococcota (2.3 %, 

Polyangia), Gemmatimonadota (2.0 %, Gemmatimonadetes), Desulfobacterota (1.3 %, 

Desulfuromonadia) and candidate Methylomirabilota (1.0 %, Methylomirabilia). Most of these 

phyla groups are unevenly distributed across the river, and candidate Methylomirabilota, 

considered essential in evolutionary history and biogeochemical processes as its members are 

denitrifying methanotrophs, is virtually absent from many samples but significantly present in 

P105 (4BR).37 At the family level (1 % cutoff), the most abundant taxon is Chitinophagaceae (6.07 

%, Bacteroidota). Members of this group prevail in station 12BR (0.66 %) and are virtually absent 

from station 16BR (0.03 %). Family Microscillaceae (3.55 %, Cytophagales) dominates station 

19BR (0.85 %) with nominal representation in stations 10BR and 11BR (0.03 % in both locations). 

At the genus level (0.5 % cutoff) Pseudomonas (Proteobacteria) and Brevundimonas 

Figure 5.5. Krona visualization of bacterial diversity. The 16S rRNA amplicon-based diversity of 
bacteria in Boiling River samples. Each circle represents the phylum and class taxa from inside to 
outside. The relative abundance of bacteria representing each group is depicted by the percent 
identity. For microbial composition at the order, class, and genus level, refer to Appendix D. 
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(Proteobacteria) are the most numerous groups, with numerous ASVs found in station 11BR for 

both genera.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.6. Distribution of bacterial community. Relative abundance of total bacterial phyla (1% cutoff) 
across sampling stations in the Boiling River. Each bar contains data for the six samples collected and 
processed per station. The station’s microclimate temperature range is shown as M (mesophilic, 15- 45 °C), 
T (thermophilic, > 45°C) and H (hyperthermophilic, > 80 °C).  To see relative abundance at the phylum 
level per sample, refer to Appendix D. For a map of the river, refer to Figure 5.3 
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Most of the eukaryotic 

ASVs are unassigned. 

Contribution of archaeal ASVs to 

the whole microbial communities 

is lower than 0.2%. For archaea, 

the group with the highest 

number of ASVs is 

Crenarchaeota (81.4 % of the 

archaeal taxa in the 114 samples, 

most of which belonged to 

Nitrososphaeria, Figure 5.7A) 

followed by Thermoplasmatota 

(8.6 %). Most of the archaeal 

ASVs for all taxa are relatively 

limited to specific sampling sites, 

occurring primarily in stations 

3BR, 9BR, 12BR and 16BR 

(Figure 5.7B). Interestingly, 

these sampling sites also show a 

slightly lower abundance in 

bacterial phyla, suggesting a 

small inverse correlation between 

the domains. A closer 

examination of the archaeal 

distribution revealed that the 

elevated average abundance 

observed for specific stations 

derives primarily from one 

sample harboring most of the 

station’s archaeal ASVs (Figure 5.7C) at each site. This observation indicates that the archaeal 

Figure 5.7. Archaeal composition and distribution. A) Total 
relative abundance of archaeal phyla in the Boiling River (1% 
cutoff). B) Archaeal relative abundance across stations. Not every 
sample analyzed contained archaeal ASVs including all six samples 
from station 14BR. The station’s microclimate temperature range is 
shown as M (mesophilic, 15- 45 °C), T (thermophilic, > 45°C) and 
H (hyperthermophilic, > 80 °C).  C) Stations with the most numerous 
archaeal ASVs. 
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abundance in the Boiling River varies widely within and across stations, even within a few meters 

distance.  

Contrarily, bacterial ASVs were widespread across all the stations. We observed a small 

non-linear reduction in the number of relative abundances of microbial phyla as some of the 

stations’ microclimates (9BR, 12BR and 16B) increased to near boiling temperatures (79 °C or 

above, Figure 5.5). This indicates that the thermal characteristics of the Boiling River 

microclimates have an influence in shaping the local microbial community composition. The 

lowest abundance of total bacterial phyla (near 4 %) is found in station 16BR, where sulfide odor, 

white sulfur precipitates and the largest EC values have been detected.  

5.3.2.2 Clustering and Correlation Analysis  

Actinobacteriota, the second most numerous bacterial taxon (15.5 %), is correlated with 

the distribution of phyla Acidobacteriota (8.6 %), Myxococcota (2.3 %) and Cyanobacteria 

(3.7%). For all four bacterial groups, stations 7BR, 10BR and 13BR show some of the highest 

levels of ASV abundance on average (see Appendix D) while stations 12BR and 16BR display 

some of the lowest.  

Bacteroidota, the third largest bacterial taxon (11.8 %), displays affiliation with 

Myxococcota (2.3%) and Desulfobacterota (1.3 %), with stations 3BR, 5BR, 9BR, 15BR and 

19BR exhibiting the highest abundance on average. Unexpectedly, Desulfobacterota, which 

comprises the taxa previously classified as Thermodesulfobacteria38 and includes thermophilic 

sulfate-reducing bacteria, is barely present in station 16BR. Meanwhile, Firmicutes (10.1 %) is 

primarily present in stations 12BR, 16BR, 17BR and 18BR and does not show any specific 

correlation to other phyla. Chloroflexi (7.2 %) is predominant in stations 2BR, 8BR, 10BR, 13BR, 

14BR, 16BR and 18BR and does not display any specific pattern of clustering with other groups. 

The noticeable abundance of Firmicutes and Chloroflexi in station 16BR, compared to other taxa 

groups, is noteworthy. Previous studies report the ability of Firmicutes bacteria to produce 

endospores resistant to extreme environments39 and Chloroflexi has shown to include 

representative members that are aerobic thermophiles and anaerobich halorespirers,40 both of 

which could explain their increased presence in station 16BR. Lastly, Gemmatimonadota (2.0 %) 

is most abundant in station 17BR and shows a discrete affiliation with Bacteroidota and 
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Cyanobacteria in stations 5BR and 6BR where the high ASV abundance levels are maintained for 

all three groups.  

5.3.2.3 Samples with Unique Microbial Configurations    

For unconstrained ordination of microbial communities, a measure of ß diversity known as 

Non-Metric Multidimensional Scaling (NMDS) using the Bray-Curtis dissimilarity method was 

performed. This indirect gradient analysis indicates the amount of variance in phyla microbial 

diversity found in each station, which can unravel relational patterns among microbial composition 

profiles from phyla-station data. (Figure 5.8A). The NMDS results were quantitatively evaluated 

with permutational multivariate analysis of variance (PERMANOVA), which found no significant 

difference in the stations’ microbial composition at the phyla level. This outcome indicates that 

location within the river is not the major determinant of the stations’ bacterial community structure. 

However, NMDS analysis of the phyla abundance detected in each sample rather than in 

each station was found to be statistically significant (Figure 5.8B).38 A closer examination of these 

results revealed samples with a unique microbial configuration. While most samples cluster 

together within the same two-dimensional space (indicating they are similar in phyla composition), 

samples P284 and P281 (station 16BR), P477 (9BR), and P214 (14BR) present as outliers. For 

P477, the taxa that positions the sample as an outlier with a significant distinct microbial 

composition include Candidatus Fervidibacteria (0.05 % of the absolute abundance of bacterial 

taxa identified for all 114 samples), and an unassigned Archaea group (2.3 % of the archaeal taxa). 

For P281 and P284, the globally distributed Candidatus Acetothermia (0.28 %)41 and the 

thermophilic Thermotogota (0.20 %).42 For P281 and P214, Caldisericota (0.06 %) and the 

candidatus phylum TA06 (0.06 %) that was first discovered in a hypersaline microbial mat.43 For 

P284, the group Aquificota (0.52 %) that is known for its strict hyperthermophilic growth 

requirements,44 for P214 only, Coprothermobacterota (0.01 %) and for P281, archaeal group 

Aenigmarchaeota (1.3 %). Refer to Appendix 5 for a detailed view of the phyla configuration of 

each sample described above. 

To validate our observations, a related technique known as Correspondence Analysis (CA) 

was used (Appendix D). As detected with NMDS, P284 is farthest away from most samples with 

phyla Aquificota, Thermotogota and Candidatus Acetothermia having a significant impact on its 

microbial community structure. Although not as dissimilar as P284, sample P477 continues 
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appearing distant to most samples. A hierarchical cluster dendrogram was constructed with UPMG 

and repeated 999 times to further observe the patterns of clustering and relatedness of bacterial 

phyla in each sample with statistical significance. In addition of showing P284 and P477 as 

outliers, most samples clustered in six major groups (Figure 5.8C) that did not display any distinct 

station similarity among them except for most samples from stations 7BR, 12BR and 19BR.  

 

Figure 5.8. Clustering patterns of Boiling River microbes. A)  Non-Metric Multidimensional Scaling 
(NMDS) analysis for all 19 stations at the phyla level. Each station is shown in a different color. Each arrow 
represents a phylum. The longer the arrow, the more representative the phylum is in the samples included 
in its trajectory. No statistically significant difference in the stations’ microbial composition was detected. 
B) Statistically significant NMDS analysis for all 114 samples at the phyla level. Most samples cluster 
together suggesting a similar microbial configuration, while some are shown as outliers indicating a 
dissimilar and unique phyla composition. C) A dendrogram showing taxonomic relationships among 
Boiling River samples. Each color indicates a cluster formed. P284 and P477 appear distant to most 
samples. Samples that show association include P62, P63, P65, P66 (7BR, yellow cluster); P405, P476, 
P438, P458, P465 (12BR, green) and P429, P329, P360, P343, P349 (19BR, turquoise).  
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5.3.3 Biomarker Evidence for Bacteria Involved in Sulfur Cycling 

To elucidate the biological fingerprint of station 16BR and identify groups potentially 

involved in sulfur cycling, the microbial configuration of the six samples collected in this site were 

further examined (Figure 5.9 and Appendix D). The uncultured bacteria GAL15 was the most 

numerous genus found in this station (8.57 %, after 0.5 % cutoff) and prevailed in samples P288, 

P281 and P342, with no ASVs found in P284 and P160. Little is known about the representative 

members of this phylum, but candidate GAL15 has been primarily found in thermal hot springs 

with circumneutral pH and low levels of sulfide.45 Additionally, this phylum is often more 

abundant in oxic subsurface sediments.46 Consistent with previous studies47 where the presence of 

GAL15 increases with soil depth, this candidate group is most abundant in P288, which was 

collected from a deep hole in the soil of station 16BR (approximately 12-16 inches below ground 

level).  

P284 was dominated by Sulfurihydrogenibium (Hydrogenothermaceae) with a 34.6% 

abundance. This genus was virtually absent from all other Boiling River samples. First detected 

by culture-free DNA analysis,48 members of the genus Sulfurihydrogenibium are neutrophilic and 

thermophilic, commonly found in circumneutral pH and play an essential role in iron 

mineralization and sulfur cycling. They have been reported to use various electron donors 

(thiosulfate, sulfite, elemental sulfur, Fe (II), arsenite, selenite and H2) and acceptors (O2, nitrate, 

arsenate, selenate and Fe (III)).48 This sulfur-oxidizing genus has been found in sulfate-rich areas 

in hot springs from Iceland, Japan, and Yellowstone National Park.49 Other sulfur-oxidizing and 

thermophilic genera were also prevalent and exclusively found in P284 including Thiofaba 

(Halothiobacillaceae, 6.7 %)50 and Hydrogenobacter (Aquificaceae, 7.3 %).51 The co-dominance 

of genera Sulfurihydrogenibium, Thiofaba and Hydrogenobacter in P284 reveals the importance 

of sulfur metabolism in this section of the Boiling River and indicates the existence of a sulfur 

cycle in station 16BR between the three dominant genera.  

Genus Sulfurospirillum (Sulfurospirillaceae), known for preferentially growing in areas 

rich in arsenate or selenate (or other organohalides such as tetrachloroethene, PCE)52 dominated 

the microbial composition of sample P230 (collected in vicinity to P284, further implying these 

minerals may be present in the area. Further examination revealed that Thiofaba, Hydrogenobacter 

and Sulfurospirillum are present in various samples from thermophilic stations 12BR and 14BR 
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(P212-214, P458, P405, P476, P438) raising the possibility that sulfur cycling may occur in these 

areas despite the absence of sulfur gases detected empirically.  

Lastly, sulfur-reducing genera including Desulfobacca (Desulfobaccaceae), Candidate 

PB19 (PB19), Syntrophobacter (Syntrophobacteraceae), Desulfofundulus (Desulfotomaculales), 

Desulfotomaculum (Desulfotomaculales), Desulfitibacter (Desulfitibacteraceae), and 

Desulfovirgula (Thermoanaerobacteraceae),53 were found in less than 0.5 % of samples from 

station 16BR and most of them were exclusive to P281. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Krona chart of microbial diversity in Plaza de Azufre (station 16BR). The 16S rRNA 
amplicon-based diversity of bacteria in Boiling River samples collected from station 16BR. Each circle 
represents phylum to genus from inside to outside. The relative abundance of bacteria representing each 
group is depicted by the percent identity.  
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5.4 Discussion 

In this work, the bacterial and archaeal communities of 19 sections (denominated sampling 

stations) in the Boiling River of the Peruvian Amazon Rainforest were investigated for the first 

time through amplicon sequencing and molecular examination. Each station harbors a unique 

microclimate (°C, pH, and electrical conductivity) with wide water temperature ranges including 

mesophilic to hyperthermophilic conditions. Samples collected and analyzed included dry and wet 

sediment samples, and in some cases wet samples contained inseparable amounts of vegetation 

litter or cyanobacterial filaments, and they were collected from inside the river, riverbank or within 

a few meters from the riverbank. This study provides a large-scale biodiversity elucidation of the 

Boiling River and its associated microclimates to map the local bacterial communities in and 

around the thermal system, elucidate any physicochemical factors impacting the microbial 

composition and identify samples harboring potentially new microbial species that could translate 

into novel and intriguing biosynthetic gene clusters.  

Using ribosomal 16S rRNA gene sequences amplified from environmental metagenomic 

DNA, Amplicon Sequence Variants (ASVs) were generated as proxies of microbial diversity. This 

ASV approach can distinguish sequences with single-nucleotide resolution providing a more 

precise measure of sequence variation that does not rely on clustering between sequencing reads 

(de-novo OTUs or operational taxonomic units) or against a reference database (closed-reference 

OTUs). Different statistical and bioinformatic analyses were conducted to characterize the 

microbial composition, distribution, and diversity across stations at higher and lower taxonomic 

levels.  

Proteobacteria was the dominant phylum in the Boiling River with a relative abundance 

of 37.4 % of the bacteria. Other phyla groups detected in 1% or more of the samples include 

Actinobacteriota (15.5 %), Bacteroidota (11.8 %), Firmicutes (10.1 %), Acidobacteriota (8.6 %), 

Chloroflexi (7.2 %), Cyanobacteria (3.7 %), Myxococcota (2.3 %), Gemmatimonadota (2.0 %) 

Desulfobacterota (1.3 %) and Methylomirabilota (1.0 %). From a continental perspective, a similar 

taxonomical dominance has been reported for other hot springs around the world (South Africa, 

Malaysia, Pakistan, India, Tibetan)54 where Proteobacteria was found to be the most numerous 

taxa in conditions typically averaging 45 °C. In water systems with thermo- and hyperthermophilic 

conditions (45 - 100 °C) such as the Mirror Pool in Yellowstone National Park, and Flúðir and 

Hurðarbak in Iceland, Chloroflexi was the most abundant taxon followed closely by 
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Cyanobacteria.54 Taxa Bacteroidetes was also significantly numerous in the Icelandic thermal 

systems. Hot springs located in the Tibetan Plateau that share similar extreme conditions show a 

prevalence of Cyanobacteria, Aquificota, Thermotogae (also known as Thermotogota), and 

Thermodesulfobacteria in their bacterial compositions. In the Boiling River, the presence of 

Chloroflexi and Cyanobacteria vary across the river without any specific environmental pattern, 

while Aquificota (0.52 % absolute abundance) is primarily found in samples P284 (station 16BR) 

and P477 (9BR), and Thermotogota (0.20 %) is mostly present in P214 (14BR). The hypothesis 

that Boiling River water emerges from underground could explain the relatively low amounts of 

Cyanobacteria found in the area compared to the other hot spring communities, despite of the river 

having a large solar exposure throughout its course.  

 Nitrospirae is also predominant in most other55 thermal springs, but it is found in low 

levels (0.83 % absolute abundance) in the Boiling River. Actinobacteriota is often detected in 

metagenomic surveys of hot springs with varying pH and temperatures, although usually in a lower 

abundance of 0.5 – 4% compared to its numerous 15.5 % in the Boiling River. These differences 

could be attributed to the specific physicochemical parameters and geographical location of this 

spring. Lastly, disproportionally abundant unassigned-phyla sequences were detected in samples 

P213-214 (14BR), P281 (16BR), P467 (12BR) and P461 (4BR) indicating potential of novel 

phylotypes. It is also reasonable to imagine that occasional earthquakes and a rapidly changing 

ecological environment could contribute towards the evolution of potentially new phyla or 

movement and exposure of unidentified subsurface microbes.  

We did not find any clears spatial patterns in the microbial community composition of the 

Boiling River and its associated microclimates. Instead, we found a general trend of lowered 

microbial abundance with increasing microclimate temperature, and this is accordance with other 

hot spring metagenomic amplicon analyses.56-58 Many of the abundance patterns likely result from 

increased responses to the environmental stressors found in thermo- and hyperthermophilic 

microclimates.  

Albeit found in nominal amounts, archaeal taxa were highly variable among the different 

locations. Crenarchaeota, the most numerous phyla group (81.4 %), dominated samples P281 

(16BR), P405 (12BR) and P477 (9BR). This is in accordance with Yellowstone and Icelandic 

springs that also show Crenarchaeota as the dominant archaeal phylum in metagenomic analyses. 

However, previous investigations show that environments with high temperatures are often 
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associated with a high abundance of Archaea in the microbial composition.59 Thus, it is unexpected 

that the Archaea population of the Boiling River is significantly low or even absent in some 

sampling stations. This may be due to the circumneutral to alkaline pH conditions in the area, as 

many Archaea groups are reported to prefer low pH environments, or biases in PCR amplification. 

Furthermore, similar to other thermal systems worldwide, a negative correlation between Archaea 

and bacteria ratio was detected.60 

Different statistical and bioinformatic analyses were conducted to characterize the 

microbial diversity across station and samples at the phyla taxa level.  Geographical station 

location, other than station 16BR, did not seem to determine phyla community structure as shown 

with ß diversity analyses including the Non-Metric Multidimensional Scaling (NMDS). However, 

an elevated abundance of a single phyla in one sample will influence clustering of samples based 

on phyla level abundances. No specific pattern was found for the uniqueness of phyla groups across 

sampling sites, except for the presence of bacteria involved in sulfur cycling and hydrocarbon 

degradation. Hydrocarbon-degrading genera including Achromobacter (Alcaligenaceae), 

Acinetobacter (Moraxellaceae), Mycobacterium (Mycobacteriaceae), Pseudomonas 

(Pseudomonadaceae), Stenotrophomonas (Xanthomonadaceae), Aeromonas (Aeromonadaceae), 

Novosphingobium (Sphingomonadaceae), Sphingomonas (Sphingomonadaceae), Brevundimonas 

(Caulobacteraceae) were found primarily in stations 11BR, 12BR and 15BR. Moreover, bacterial 

genera participating in sulfur cycling were common in 16BR, the one section of the river where 

sulfur gases were detected through a noticeable odor. Sulfur-oxidizing genera 

Sulfurihydrogenibium, Thiofaba, Hydrogenobacter and Sulfurospirillum were notably present in 

the station (Figure 5.9), while sulfur-reducing groups were detected in low abundances and 

appeared endemic to sample P281. Further geochemical studies to assess the presence of petroleum 

and sulfur in these sites could inform on the use of these genera as proxies for environmental 

monitoring and for the discovery of potential bioremediation biocatalytic tools.  

This works describes the first elucidation of Boiling River bacteria and archaea found 

throughout this thermal system, encompassing mesophilic to hyperthermophilic microclimate 

environments. The local microscopic diversity is similar to that found in other hot spring systems 

around the world for most phyla groups, with some differences that could be explained with more 

in depth geochemical and geophysical investigations. Our study highlights that the “hidden” 

microdiversity (subterranean, subwater and superficial) of fragile environmental ecosystems need 
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to be taken into consideration to characterize a broader proportion of the total diversity patterns. 

This work serves as a framework and starting point for future genome mining of intriguing 

sediment samples to assemble and recover population-specific genomes from metagenomes for 

posterior bioinformatic analyses to identify thermostable biocatalysts that perform difficult 

chemical reactions, including late-stage C-H functionalization, and new molecular scaffolds that 

could serve as leads to develop new pharmaceuticals.  
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Chapter 6 
Summary, Discussion, and Future Directions 

 
6.1 Structural Characterization and Engineering of P450 TamI 

6.1.1 Summary and Conclusions 

 After several years of elucidating the biosynthetic pathway towards the formation of 

tirandamycin natural products, including reporting the tirandamycin biosynthetic gene cluster, 

discovering key tirandamycin intermediates, and characterizing P450 TamI and flavin oxidase 

TamL, the two oxidative tailoring enzymes responsible for derivatization of these molecules, we 

have taken this work further. We have solved the structure of P450 TamI in complex with its least 

oxidized substrate tirandamycin C at a 2.7 Å resolution and identified essential substrate and 

enzyme structural requirements for a productive substrate binding mechanism. Using site-directed 

mutagenesis and end-point assays, we learned that a hydrophobic active site pocket mediates 

substrate binding, enabling a correct geometry for catalysis. Mutating the side chain of amino acids 

Phe92, Leu399 and Ile400 to alanine led to disruption of product formation and accumulation of 

starting material. MD simulations revealed that in the WT system, the substrate adopts one main 

binding pose in the enzyme’s active site facilitating efficient catalysis and selective oxidation. 

However, in the mutant F92A system, the π−π interactions between Phe92 and the conjugated 

polyene linker of the tirandamycin substrate are interrupted, causing the substrate to adopt many 

binding poses and losing the ideal geometry for catalysis. These results contradicted an initially 

hypothesized tetramic acid-based anchoring mechanism, where observed hydrogen bonding 

interactions between the tetramic acid functionality and polar active site residues Ser397 and 

Thr398 were thought to mediate substrate binding. Instead, altering these amino acids did not 

impact substrate turnover or product profile, and only caused a minor perturbation in substrate 

binding affinity as shown with tirandamycin equilibrium dissociation studies. Additionally, QM 

calculations showed that the inherent reactivity of tirandamycin substrates matches the selectivity 

of products obtained in vitro, indicating that the substrate drives regioselectivity. However, MD 

simulations demonstrated that the enzyme orients tirandamycin C substrate to favor abstraction of 

the pro-S hydrogen, dictating stereoselectivity for the first allylic hydroxylation step.   
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This structural characterization work served as the foundation for rational engineering of 

P450 TamI to identify the key residues dictating hydroxylation stereoselectivity and assess how 

the enzyme’s active site structure enables an iterative oxidation cascade. An alanine-valine scan 

of residues neighboring the bicyclic ketal moiety of the substrate led to the discovery of three 

important leucine residues (Leu101, Leu244 and Leu295) that control the selectivity, order of steps 

and number of reactions catalyzed. A toolbox of TamI biocatalysts were engineered to improve 

any novel selectivity observed and facilitate preparative scale reactions for the isolation and 

characterization of new tirandamycin congeners detected. In a catalyst-controlled fashion, TamI 

L101A_L295I overrides the innate substrate reactivity, bypassing oxidation at C10 and installing 

a C11/12 alkene epoxide to generate new tirandamycin L as an intermediate. This biocatalyst then 

performs one more reaction, a methyl hydroxylation at C18, to generate tirandamycin N, a 

compound with potent bioactivity against human pathogen B. anthracis. In both instances and as 

shown with DFT calculations and MD simulations, this double mutant catalyzes the more 

energetically demanding reactions by controlling the orientation of the substrate in the active site 

to favor the observed reactivity. TamI L295V performs a dual-oxidation cascade with TamI WT 

selectivity for the C10 hydroxylation and C11/12 epoxidation steps, bypassing C10 ketone 

formation and forming tirandamycin M. Double variant TamI L244A_L295V displays WT 

selectivity too but it also shows enhanced iterative capabilities, performing a continuous 8 e- 

oxidative cascade generating the terminal product of the pathway, tirandamycin B. Michaelis-

Menten model kinetics revealed that TamI L244A_L295V overcomes the bottleneck reaction of 

the oxidative cascade, drastically accelerating the rate at which the enzyme forms the C10 keto 

group. Lastly, TamI L295A performs an unprecedented oxidative cascade, generating tri-oxidized 

tirandamycin O and O’ that harbor a unique and structurally intriguing oxidative decoration 

pattern. Further characterization of these TamI biocatalysts was performed to assess their substrate 

scope, substrate binding affinities, kinetics, and biological activities.  

6.1.2 Future Directions 

The reactions involved in the engineered tirandamycin biosynthetic systems all involve 

efficient biocatalysts that direct selectivity and control the order and number of steps catalyzed. 

Although the self-sufficient chimera fusion constructs obtained for the TamI variants did not 

perform as effectively as the three-component reactions, these enzymes represent an interesting 

opportunity to develop potent biocatalysts for stereo- and regio-controlled oxidative cascades of 
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complex bicyclic scaffolds. Solving the crystal structures of these mutant enzymes could provide 

valuable insights into how the subtle steric differences alter the environment of the active site to 

favor alternative substrate binding poses and geometries that override the substrate’s inherent 

reactivity. This knowledge could inform further engineering strategies of P450 homologs or small 

molecule catalysts that perform multi-step oxidation pathways to manipulate selectivity and 

iterative capabilities. For example, bacterial iterative P450s MycG and GfsF have active site non-

polar amino acids that are equivalent to Leu101 and Leu295 and have not been studied for their 

potential involvement in controlling selectivity and the native oxidation cascade. I propose that 

mutating these motifs may result in altered product profiles, providing a frame of reference for 

future mutagenesis campaigns of bacterial iterative P450s. Additionally, developing whole cell 

systems for the biosynthesis of the novel tirandamycin congeners could facilitate access to the 

material and enable further derivatization of these promising bioactive compounds.  

 

6.2 Mechanistic Insights into the Multiple Oxidant Species of P450 TamI 

6.2.1 Summary and Conclusions 

 The structurally intriguing oxidation pattern of tirandamycin O and O’ motivated us to 

elucidate its mechanistic formation using a combination of kinetic, mutagenesis and computational 

strategies. Using the new tirandamycin congeners as substrates to assess reactivity, we showed 

that TamI L295A can selectively reverse the order of steps observed in TamI WT without altering 

stereoselectivity, converting tirandamycin C to L (C11/12 epoxide-containing intermediate) to M 

(epoxide and C10 hydroxy), to then catalyze an unprecedented epoxide-opening cascade to 

generate O and O’. This versatility is exclusively observed with biocatalyst TamI L295A, and MD 

simulations did not provide any initial information to formulate a hypothesis that may explain its 

catalytic activity. This prompted us to explore a question we had not interrogated before and 

investigate the catalytically active species used by P450 TamI WT and TamI L295A to assess if it 

plays a role in dictating the divergent selectivity observed. Using H2O2 as a mechanistic probe 

indicated that TamI L295A may be capable of using Cpd 0 species for the epoxidation reaction, 

proposition that was further validated by in depth structural analysis and mutagenesis of the highly 

conserved acid-alcohol pair responsible for the formation of Cpd 0 and Cpd I species. Furthermore, 

kinetic solvent isotope effect experiments, point mutations and QM calculations revealed that 
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TamI L295A uses Cpd I as the preferred oxidant for a radical-induced epoxide opening cascade, 

and uses the peroxo iron species as a viable oxidant for a nucleophilic epoxide opening mechanism 

in the absence of Cpd I. Our work provided the first mechanistic insight for the active oxidant 

species involved in the P450 TamI cycle and showed that TamI L295A uses multiple oxidizing 

species to catalyze the unique formation of tri-oxidized tirandamycin O and O’. 

6.2.2 Future Directions 

 Unlike other TamI variants including TamI L295V, TamI L295A can use H2O2 in lieu of 

molecular oxygen and NADPH for its multi-step oxidative cascade. This result is a starting point 

for additional engineering campaigns to improve the efficiency of peroxide-mediated P450 TamI 

iterative catalysis. Further investigation of the structural basis for this reactivity can serve as 

inspiration for the design and engineering of P450 homologs to develop or improve the ability to 

use peroxide as a reaction initiator. Furthermore, we detected a similar configuration for the 

location of the hydroxy relative to the epoxide in the substrates for P450 homologs GfsF and 

MycG. I propose that investigation of the catalytically active oxidant species in these P450 

homologs could enable engineering strategies to favor the formation of one species over the other 

to induce epoxide opening of the substrate to generate new product congeners that may be difficult 

to access with synthetic chemistry.  

 

6.3 Chemical Synthesis of a Tirandamycin Analogue to Explore Substrate Scope  

6.3.1 Summary and Conclusions 

 The versatility of P450 TamI biocatalysts for catalyzing mechanistically divergent 

oxidative pathways prompted us to explore substrate engineering efforts to expand their substrate 

scope. Inspired on previous knowledge gained with structural and biochemical studies of P450 

TamI, we envisioned exploiting the substrate binding mechanism of the enzyme to facilitate 

oxidation of unnatural bicyclic or polycyclic scaffolds in a selective manner and without extensive 

protein engineering. Similar to the successful strategy followed with P450 PikC to expand 

substrate scope, we imagined synthesizing simplified synthetic anchors that enable substrate 

recognition and binding in TamI, and that can be readily coupled to unnatural cyclic substrates for 

enzyme-catalyzed oxidation. To this end, we optimized the total, short and scalable synthesis of a 
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truncated tirandamycin C analogue using asymmetric allylation methods, in a total of five reaction 

steps. We designed a suite of simplified synthetic anchors that mimic the substrate structural 

requirements for binding and catalysis, and used computational docking experiments to prioritize 

which anchors to synthesize first for coupling with the truncated tirandamycin analogue. This led 

to the synthesis of two tirandamycin analogues, one containing a triene linear moiety and one 

harboring a diene and a 5-membered hydrocarbon ring. Using engineered P450 TamI 

397A_T398A that introduces a more non-polar environment in the active site to better 

accommodate the synthetic analogues, we observed no substrate turnover for the triene-containing 

compound and high levels of single oxidation of the ring-containing analogue, with C10 and C18 

as potential sites for C-H hydroxylation as shown with MD analyses. Further computational studies 

indicated that a truncated tirandamycin lacking the tetramic acid moiety adopts multiple binding 

conformations within the enzyme’s active site, perturbing substrate binding and losing the correct 

geometry for catalysis. The ring-containing anchor was coupled to an unnatural bicyclic moiety 

that is unrelated to the tirandamycin structure to assess its chemical utility as a probe for substrate 

engineering. No oxidative product was detected when testing this substrate suggesting that the 

P450 TamI’s active site environment may be highly selective to tirandamycin-like bicyclic 

scaffolds. This work expanded our knowledge on the substrate structural features needed for 

enzyme recognition and turnover in the TamI biocatalytic platform. Our results demonstrated that 

a cyclic ring moiety is needed for catalysis in addition of a conjugated polyene system as 

mutagenesis studies had previously indicated.  

6.3.2 Future Directions 

 This substrate engineering work revealed that P450 TamI has high levels of substrate 

selectivity with restricted flexibility to accommodate unnatural bicyclic moieties that are 

structurally unrelated to tirandamycin. The one synthetic substrate that was successfully oxidized 

by TamI 397A_T398A led single oxidation products only, with no iterative oxidative activity 

detected. I propose that losing the observed hydrogen bonding interactions between the tetramic 

acid moiety and the polar residues Ser397 and Thr398 in TamI may inhibit the enzyme’s ability to 

catalyze an iterative oxidative cascade resulting in single oxidation events exclusively. This 

hypothesis could be furthered investigated by introducing these alanine variations in the 

engineered TamI biocatalysts that show enhanced iterative abilities, such as TamI L244A_L295V 

that enables an 8 e- oxidation cascade. If doing so restricts the iterative characteristics of 
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L244A_L295V to catalyze a C10 hydroxylation only, as seen in TamI WT, instead of catalyzing 

four consecutive oxidative steps, this would demonstrate that although the polar interactions with 

the tetramic acid are not required for substrate binding, they are needed to mediate an iterative 

cascade. Computational analyses could then shed additional light on this phenomenon to provide 

new knowledge on the structural basis for efficient iterative oxidation of bacterial P450 enzymes 

and inspire engineering efforts to effectively expand their substrate scope. 

 

6.4 Characterizing the Microbial Diversity of the Boiling River 

6.4.1 Summary and Conclusions 

 The identification, genome mining and metabolite profiling of rare microbial species 

thriving in unexplored and highly biodiverse regions enables the discovery of new potent 

biocatalysts, such as P450 TamI, and their natural product substrates. Mapping previously 

unidentified microorganisms in fragile ecosystems can also facilitate biodiversity monitoring at a 

more comprehensive level and provide insightful information for the effective conservation of the 

areas. Building upon a long-standing collaboration with Universidad Nacional Agraria La Molina 

(Lima, Peru) and the Boiling River Project (Southern Methodist University, Dallas, Texas), we 

obtained research and collection permits to explore and investigate one of the most unique 

ecosystems of the Amazon Rainforest, the Boiling River of the Peruvian Amazon. Partially funded 

by the National Geographic Society, we performed the first large-scale biodiversity assessment of 

the Boiling River and its associated mesophilic to hyperthermophilic microclimates. Using 16S 

rRNA gene sequences and amplicon sequence variants, we found that the local microbial diversity 

resembles that of other hot spring found around the world including Yellowstone National Park, 

Iceland, South Africa and Tibetan. However, some microbial patterns were endemic to the Boiling 

River including elevated abundance of Actinobacteriota and low presence of Cyanobacteria, with 

the latter feature suggesting the river water may emerge from the subsurface. Proteobacteria was 

the most numerous phyla followed by Actinobacteriota, Bacteroidota, Firmicutes, 

Acidobacteriota and Chloroflexi. Although no specific environmental pattern was identified for 

pH and electrical conductivity parameters, a negative correlation between bacterial phyla 

abundance and microclimate temperature (in reference to the closest associated Boiling River 

water conditions) was identified for most stations, as previously seen with other hot springs’ 
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metagenomic studies. Moreover, contrary to what is typically observed in thermal systems, a very 

low number of Archaea ASVs were detected in the area, with most of the sequences identified in 

specific stations where bacterial abundance was slightly diminished. Lastly, we identified bacteria 

involved in sulfur cycling and hydrocarbon degradation to inform on the use of these groups as 

specialized proxies for environmental surveillance and as biocatalytic remediation tools. This work 

represents the first characterization of the “hidden” Boiling River bacteria and archaea flourishing 

in a wide range of temperatures including hyperthermophilic environments (> 80 °C), and 

demonstrates that including microorganisms in biodiversity assessments expands our 

understanding of diversity patterns in unique and fragile environmental ecosystems.  

6.4.2 Future Directions 

 Elucidating the Boiling River microbiome sets the foundation for future long-read 

sequencing and bioinformatic efforts to generate metagenomics data sets to assemble population-

specific genomes from samples with unique configurations of bacterial consortia. The recovered 

genomes will be mined for their biosynthetic gene clusters to look for thermostable biocatalysts 

that perform highly selective and complex chemical reactions at a late-stage, such as the 

cytochrome P450 TamI. Accessing the genetic profile of unique Boiling River samples, including 

those with high abundance of unclassified microbes, can lead to the characterization of previously 

unidentified bacteria and novel gene clusters that encode for extremozymes catalyzing intriguing 

and difficult reactions. Future work will include integrating our results into a Google Earth Pro 

map project to develop a virtual and interactive “microbial” map where the bacterial composition 

of each Boiling River station is described along with the microclimate physicochemical parameters 

and aerial images of the location. Additionally, we will create a library of bacterial isolates from 

Boiling River samples for fermentation growths, transcriptomics assays and metabolite profiling 

to identify potential new natural product scaffolds and the enzymes responsible for their 

biosynthesis. We anticipate this work to serve as a framework for future elucidation studies of the 

microscopic universe of other unique environments in the Amazon Rainforest.  Our data can also 

serve as a fundamental framework for the development and implementation of conservation 

policies and laws to protect the Boiling River Area and its water system.  
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APPENDIX A: 
Experimental Procedures and Supplemental Information for Chapter 2 

 
 

A.1 Materials and General Methods 

Unless otherwise stated, chemical reagents, solvents, and media components for 

Escherichia coli growth were purchased from Sigma-Aldrich and Thermo Fisher Scientific. 

Kanamycin sulfate, isopropyl-β-D-thiogalactopyranoside (IPTG), and dithiothreitol (DTT) were 

obtained from Gold Biotechnology. Nicotinamide adenine dinucleotide phosphate (NADP+) was 

purchased from Chem-Impex Int’l INC. δ-aminolevulinic acid was purchased from Oakwood 

Chemical. Lysozyme was purchased from dot Scientific Inc. Imidazole was purchased from AK 

Scientific. Amicon Ultra centrifugal filters used for protein concentration were from EMD 

Millipore. PD-10 columns were purchased from GE Healthcare. Glucose-6-phosphate (G6P) was 

from Biosynth and glucose-6-phosphate dehydrogenase (G6PDH) (yeast) was from Alfa Aesar. 

Deionized water was obtained from a Milli-Q system (EMD Millipore) using QGard 2/Quantum 

Ex Ultrapure organex cartridges. For media, buffers, and other solutions, pH was monitored using 

a VWR sympHony SB70P pH meter calibrated according to the manufacturer’s specifications.  

Media solutions were autoclaved or filter-sterilized prior use.  

DNA oligonucleotides for mutagenesis were purchased from Integrated DNA 

Technologies. PCR was performed using a Bio-Rad iCycler thermal cycler system. Invitrogen 

plasmid miniprep kits were purchased from Thermo Fisher Scientific and all DNA 

extractions/purifications were accomplished following the manufacturer’s protocols. DNA 

concentrations were measured using a NanoDrop ND-1000 spectrophotometer. DNA sequencing 

was performed at the University of Michigan DNA Sequencing Core. Optical density (OD600) 

was measured using an Eppendorf BioPhotometer. All centrifugations were accomplished using a 

Beckman Coulter Avanti J-20 XP centrifuge, and sonication was performed by a Fisherbrand 

Model 705 Sonic Dismembrator.  

Reversed-phase high- performance liquid chromatography (RP-HPLC) purification was 

performed using Waters XBridge 5 mm C18 columns and a solvent system of acetonitrile and H2O 
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supplemented with 0.1% formic acid (FA) unless stated otherwise. All NMR spectra were acquired 

on a Bruker 800MHz spectrometer at the BioNMR Core of University of Michigan. NMR spectra 

were processed using MestReNova software. High-resolution ESI-MS spectra was acquired and 

performed on a quadrupole time-of-flight spectrometer (Agilent Q-TOF 6500 series) using a 

XBridgeTM C18 3.5 µm 50 mm column with a MeCN and H2O solvent system supplemented with 

formic acid (0.1% v/v). The same column and solvent system were utilized for analysis of 

enzymatic reactions using a Schimadzu analytical HPLC. 

 

A.2 Fermentations 

A.2.1 Streptomyces sp. 307-9 growth and extraction of tirandamycin A and B 

The isolation and purification procedures were adapted from Carlson et al.1 The strain was 

maintained on ISP2 agar plates and as spore stocks. All culture incubations were at 30°C and with 

150rpm shaking for liquid cultures. Seed cultures of 30mL TSB media were inoculated with a 

loopful of vegetative cells from plate culture and grown for 7 days. Fermentation cultures were 

baffled flasks of Md2 media (10 g dextrose, 2 g NZ-Amine A, 1 g yeast extract, 0.77 g meat extract, 

30 g NaCl per 1 L H2O) seeded with a 3% inoculation of TSB culture and grown for 6 days. To 

each flask, 20g of autoclaved XAD-16 resin (Supelco, Bellefonte, PA) were added. Production 

cultures were grown for one additional day, after which the resin was collected for extractions. 

Resin was rinsed with water, filtered and batch extracted with 90% CH2Cl2/10% MeOH twice. 

The combined extract was dried by rotary evaporation to yield a dark brown oil. This extract was 

purified by RP-HPLC on a 45 min gradient of 30-100% MeCN and H2O supplemented with 0.1% 

FA and followed by UV/Vis photo-diode array detection. The purity of the compounds was 

determined by LC-MS analysis and 1H-NMR.  

A.2.2 Streptomyces sp. 307-9 ΔtamI P450 and ΔtamL flavoprotein growth and extraction of 

tirandamycin C, E and M 

The culturing and extraction procedures were adapted from Carlson et al.2 The mutant 

strains were maintained on ISP2 agar plates supplemented with 50 µg/mL apramycin and as spore 

stocks. Fermentation and purification was carried out as described earlier for the wild-type strain 

with the following exceptions: all liquid media was supplemented with 50 µg/mL apramycin; 
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fermentation cultures for ΔtamL flavoprotein were grown for 4 days prior adding the autoclaved 

XAD-16 resin and grown for 2 additional days; fermentation cultures for ΔtamI P450 were grown 

for 7 days prior adding the resin and grown for 2 additional days. Approximately 10-20 mg of pure 

tirandamycin C were consistently isolated from 1 L of culture. Fractions containing tirandamycin 

E and M were analyzed via LC-MS using 354 nm UV detection, positive/negative ion MS 

detection and the following conditions (A = H2O + 0.1% FA, B = MeCN + 0.1% FA): 10% B for 

2 min, 10-100% B over 15 min, 100% B for 2 min, 10% B for 2 min; flow rate 0.2 mL/min. 

 

A.3 Protein Expression and Purification 

A.3.1 TamI protein expression and purification 

Expression of TamI and TamI mutants: The pET28b_TamI plasmid previously generated2 

was used to express N-terminally His-tagged TamI. E. coli BL21 (DE3) was transformed with the 

plasmid. Kanamycin (50 µg/mL) was added to 1 L of Terrific Broth (TB) media, which was then 

inoculated with the transformed E. coli cells. For crystallization, TamI was subcloned into a 

modified pET28 vector containing a tobacco etch virus (TEV) protease cleavable N-terminal His8 

tag using the “Quikchange” cloning protocol (“tamI_pET28H8T”). The 1 L cultures were grown 

overnight at 37°C until an OD600 of 0.8-1.0 was reached, cooled in an ice-water batch (10-20 

min), induced with 0.4 mM IPTG and 0.4 mM δ-aminolevulinic acid, and expressed for 18-20 

hours at 18°C. The cells were harvested by centrifugation and stored at -80°C until used for protein 

purification.  

Protein purification for enzymatic assays and large-scale reactions: All subsequent steps 

were performed at 4°C. The cells were thawed and resuspended in 70 mL of lysis buffer (50 mM 

Tris-HCl, 50 mM NaCl, 10% (v/v) glycerol, pH 7.4 at room temperature) supplemented with 1 

mM PMSF, 0.5 mg/mL lysozyme, 2 mM MgCl2, 5-10 U/mL Benzonase nuclease) per 1 L of 

original overexpression culture. The cell suspension was stirred slowly for 1 hour prior to 

sonication using a Model 705 Sonic Dismembrator (Thermo Fisher Scientific) and centrifugation 

at 50, 000 x g for 30 min to remove cellular debris. The lysate was filtered through a syringe-

operated 0.45 µm filter (Corning) prior to loading onto a column containing Ni-NTA resin. The 

resin was then washed with 6 CV of wash buffer 1 (50 mM Tris-HCl, 300 mM NaCl, 20 mM 

imidazole, 10% (v/v) glycerol, pH 7.4 at RT) followed by 6 CV of wash buffer 2 (50 mM Tris-
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HCl, 300 mM NaCl, 50 mM imidazole, 10% (v/v) glycerol, pH 7.4 at RT). The protein was then 

eluted by 4 CV of elution buffer (50mM Tris-HCl, 300 mM NaCl, 300 mM imidazole, 10% (v/v) 

glycerol, pH 7.4 at RT). Concentrated protein was desalted by loading onto PD-10 columns and 

eluting with storage buffer (50 mM Tris- HCl, 10% (v/v) glycerol, pH 7.4 at RT). Protein was flash 

frozen with liquid N2 and stored at -80 °C until needed. Protein purity was assessed by SDS-Page. 

A.3.2 TamL expression and purification 

Expression of TamL: The pET28b_TamL plasmid previously generated2 was used to 

express N-terminally His-tagged TamL. The expression procedure was carried out as described 

earlier for the P450 TamI except that cells were induced with 0.1mM IPTG only.   

Protein purification for enzymatic assays and large-scale reactions: The protein 

purification procedure was conducted as described earlier for the P450 TamI. 

 

A.4 Protein Crystallization 

Structure of Substrate-Free TamI: Initial efforts to determine the TamI crystal structure 

were conducted using a tamI-pSJ2 expression vector containing an N-terminal His8 tag.12 Crystals 

grown with this construct were used to solve the TamI structure by molecular replacement and 

revealed a single polypeptide chain in the asymmetric unit; however, the P450 active site was 

occupied by 16 N-terminal residues of a symmetry-related protomer. The bound N-terminal 

segment was derived from the linker region between the His8 tag and the EcoRI restriction site and 

prompted us to prepare a TEV-cleavable construct (TamI-pET28H8T) where the affinity tag and 

linker could be removed by digestion. Crystals of substrate-free TamI were grown by vapor 

diffusion at 20 °C with a well solution composed of 3.5 M sodium formate, pH 7.0, and 0.1 M 

strontium chloride. Crystals were harvested using nylon loops and vitrified by rapid plunging into 

liquid nitrogen. Substrate-free TamI crystallized in the space group I422 with unit cell dimensions 

of a = 154.5, b = 154.5, c= 91.8 and one chain in the asymmetric unit. X-ray data were collected 

at 100 K on the Advanced Light Source 8.3.1 beamline in Berkeley CA, USA. Diffraction data 

were integrated and scaled using MOSFLM33 and SCALA.34 The structure of TamI was solved 

by molecular replacement with Phaser-MR35 using PikC (PDBid: 2X5W, chain B) as a search 

model. Three rounds of autobuild using Buccaneer34 were used to provide initial model. Iterative 
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rounds of manual building in Coot36 and refinement with Refmac37 and Phenix.refine38 were 

used to furnish the final model.  

Structure of Tirandamycin C-Bound TamI: TEVcleaved TamI in the presence of 

tirandamycin C gave a different crystal form with eight chains in the asymmetric unit and substrate 

bound in each active site. Crystals of tirandamycin C-bound TamI were grown by vapor diffusion 

by mixing 2 μL of 7 mg/mL tirandamycin C-bound TamI with 2 μL of a well solution composed 

of 1.6 M ammonium sulfate, 0.9 M sodium chloride, 0.1 M bis−Tris, pH 6.5, and 2.5% ethylene 

glycol. Narrow, rod-shaped crystals were cryoprotected by the addition of well solution containing 

9% ethylene glycol, 0.2 mM tirandamycin C, 2% dimethyl sulfoxide (DMSO) directly to the sitting 

droplets. Crystals were harvested using nylon loops and vitrified by rapid plunging into liquid 

nitrogen. TamI tirandamycin C complex crystallized in the space group C2 with unit cell 

dimensions of a = 224.6, b = 57.2, c = 282.7, α = 90 , β = 90.9 , γ = 90 and eight chains in the 

asymmetric unit. X-ray data were collected at 100 K on beamline 23ID-B at the General Medical 

Sciences and Cancer Institute Structural Biology Facility at the Advanced Photon Source in 

Argonne, IL, USA using helical data collection along the long axis of the rod-shaped crystal. 

Diffraction data were integrated and scaled using X-ray diffuse scattering.39 The structure was 

solved by molecular replacement with Phaser-MR35 using substrate-free TamI as a search model. 

To generate the initial model, Phenix.autobuild38 was performed using an eightfold-NCS averaged 

map. Iterative rounds of manual building in Coot36 and refinement with Phenix.refine38 were 

used to furnish the final model.  

 

A.5 CO-Bound Reduced Difference Spectra of TamI enzymes 

Following an established protocol,3 the CO-bound reduced difference spectra were 

obtained using a SpectraMax M5 UV-visible spectrophometer (Molecular Devices). TamI in 

storage buffer was reduced through the addition of a few milligrams of sodium dithionite 

(Na2S2O4) and a spectrum was recorded from 400 to 500 nm (5 nm steps). After CO was bubbled 

into the solution for 35 s, the spectrum of CO-bound reduced P450 species was recorded and the 

previous reduced spectrum was used to reference. This assay was used to determine the functional 

P450 concentration with the extinction coefficient of 91,000 M-1 cm-1. 
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A.6 Site-Directed Mutagenesis 

All single mutants were prepared with TamI wild-type as the template and the target 

mutation as the primer using the Quikchange Lightning Site-Directed Mutagenesis Kit and 

protocol. The reactions included 50 ng template, 0.2 µM of primer (forward only), 0.2 mM dNTPs, 

2.5 µL of 10x Pfu buffer, 0.5 µL DMSO and 0.5 µL Pfu Turbo from Agilent in a total of 25 µL. 

The PCR cycle was 1) 95°C for 3 min, 2) 95°C for 30 sec, 3) 68°C for 11 min, 4) 68°C for 5 min, 

and steps 2-3 were repeated for 30 cycles. When required, reaction conditions were adjusted by 

lowering or increasing DMSO (0-1 µL). DpnI digestion contained 0.5 µL of 2 U/µL DpnI and 25 

µL PCR reaction solution for 2 h at 37°C. Plasmids were introduced into competent E. coli DH5ɑ 

strain and plasmid DNA isolation was performed by alkaline lysis (Purelink Quick Plasmid 

Miniprep Kit from Invitrogen) following manufacturer’s protocols. The mutations were confirmed 

using DNA Sanger sequencing and verified using sequence alignment (LaserGene). Double 

substituents were prepared sequentially starting with a single mutation in the same manner as 

described above.  

 

A.7 Enzymatic Assays 

A.7.1 TamI enzymatic assays 

Standard conditions: The analytical in vitro enzymatic reactions of tirandamycin were 

performed in a final volume of 100 µL of reaction buffer (50 mM NaH2PO4, 0.2 mM DTT, 10% 

(v/v) glycerol, pH 7.4 at RT) containing 200 µM substrate, 2 µM P450, 40 µM spinach ferredoxin, 

6 µM spinach ferredoxin-NADP+ reductase, 5 mM G6P, 1 U/mL G6PDH and 1 mM NADP+. As 

negative controls, enzymes were omitted. Reactions were run for 2 h at 30°C, quenched by 

extraction using 2 x 200 µL of CHCl3 and dried under N2. The resulting material was redissolved 

in 100 µL of methanol, and analyzed by LC-MS using 354 nm UV detection, positive/negative ion 

MS detection and the following conditions (A = H2O + 0.1% FA, B = MeCN + 0.1% FA): 10% B 

for 2 min, 10-100% B over 15 min, 100% B for 2 min, 10% B for 2 min; flow rate 0.2 mL/min; 

injection volume 2 µL. All reactions were performed and analyzed in duplicate. Authentic 

standards were run simultaneously following the same conditions. 

A.7.2 TamL enzymatic activity assays 
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The analytical in vitro enzymatic reactions of tirandamycin with TamL were performed in 

a final volume of 100 µL of reaction buffer containing 200 µM substrate and 2 µM TamL. 

Reactions were run and extracted as described above for assays with P450 TamI using standard 

conditions. 

A.7.3 Total turnover number (TTN) 

For determination of TTN, the analytical enzymatic reactions included: 100 µL of reaction 

buffer containing 200 µM substrate, 0.5 µM P450, 10 µM ferredoxin, 1.5 µM ferredoxin reductase, 

5 mM G6P, 1 U/mL G6PDH and 1 mM NADP+. Reactions were run for 2 h at 30°C, quenched by 

addition of 100 µL of methanol and analyzed by a Schimadzu analytical HPLC using 354 nm UV 

detection. All reactions were performed and analyzed in triplicate. TTN values were calculated 

using Equation 1 below. TTN was determined by evaluating the areas of HPLC peaks 

corresponding to starting material.  Standard curves of substrates were run simultaneously in 

triplicate and fitted to a linear curve with R values of 0.98-0.99. 

 

Equation 1 

TTN = mol substrate consumed / mol P450 used 

 

HPLC conditions were as follows (A = H2O + 0.1% FA, B = MeCN + 0.1% FA): 

Reactions with tirandamycin C and A substrates: 10% B for 2 min, 10-85% B over 15 min, 100% 

B for 4 min, 10% B for 2 min; flow rate 0.4 mL/min; injection volume 50 µL. 

Reactions with tirandamycin D substrate: 35% B for 2 min, 35-60% B over 15 min, 100% B for 8 

min, 35% B for 2 min; flow rate 0.4 mL/min; injection volume 50 µL. 

Reactions with tirandamycin E substrate: 29% B for 2 min, 29-59% B over 15 min, 100% B for 8 

min, 29% B for 2 min; flow rate 0.4 mL/min; injection volume 50 µL. 

Reactions with tirandamycin L substrate: 33% B for 2 min, 33-60% B over 15 min, 100% B for 8 

min, 33% B for 2 min; flow rate 0.4 mL/min; injection volume 50 µL. 
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A.7.4 Equilibrium substrate binding assays 

Assays with P450s: The spectral shifts induced by tirandamycin binding were performed 

at room temperature under aerobic conditions using a SpectraMax M5 UV-visible spectrophometer 

(Molecular Devices). Compound parent stocks were prepared in DMSO and serial dilutions were 

made to obtain stock solutions of varying concentrations of substrate for binding assays. Purified 

P450s were diluted in storage buffer (50 mM Tris-HCl, 10% (v/v) glycerol, pH 7.4 at RT) to a final 

concentration of 1 µM. 0.7 mL of diluted enzyme was transferred to a 1 cm quartz cuvette 

(Beckman) and varying concentrations of substrate were independently titrated into the solution 

in small aliquots (<2 µL) to achieve the desired final concentrations. DMSO comprised less than   

2% of the solution volume at the conclusion of the experiment. Scans were recorded from 365 nm 

to 429 nm (2 nm steps) until the P450s became saturated. The starting spectrum was subtracted 

from subsequent experimental spectra and average absorbance differences (ΔA = Apeak – Atrough) 

were plotted against concentration of substrate. The dissociation constant (Kd) for the P450s was 

calculated by fitting data points to either a non-linear tight-binding quadratic equation4 (Equation 

2) for high-affinity ligands (Kd ≤ 5 µM) or a rectangular hyperbolic function (Equation 3) for low-

affinity ligands (Kd ≥ 5 µM) using the GraphPad Prism 8 software. All titrations were performed 

in triplicates and the Kd values reported represent the average of the three sets of data. 

Assays with TamL: Isothermal Titration Calorimetry (ITC) is used to measure the 

thermodynamics of a reaction by measuring the change in power required to maintain the system 

at a constant temperature when the compound is injected into CDK2. ITC experiments were 

performed in Nano-ITC Low volume (TA Instruments) at the Center for Structural Biology at 

University of Michigan. 400 µl of purified protein in storage buffer (50 mM Tris-HCl, 10% (v/v) 

glycerol, pH 7.4 at RT) was added to the cell and 50 µl of substrate in storage buffer (concentration 

of protein and compound varies depending upon the binding affinity) was taken in the syringe. 

The experiments were performed at 25 °C with 25x2 µl of substrate injected into protein for every 

250 seconds with stirring speed of 250 rpm. Buffer A was injected into the protein and it was used 

as blank. The Kα and ∆H of the reactions were calculated using the Launch NanoAnalyze software 

(TA Instruments). Concentrations were as follows: 0.015 mM protein was used with 0.6 mM 

tirandamycin M and 0.3 mM protein was used with 0.8 mM tirandamycin E. The Kα and ∆H of 

the reactions were calculated using the Launch NanoAnalyze software (TA Instruments). 
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Equation 2 

ΔA = (Amax/ 2[E]) (Kd + [E] + [S]) - (Kd + [E] + [S])2 – 4 [E] [S] ½ 

Equation 3 

ΔA = Amax [S] / (Kd + [S]) 

ΔA = Average absorbance difference (peak-to-trough) at each titration point 

Amax= Maximum absorbance difference at substrate saturation 

[E] = Total enzyme concentration 

[S] = Substrate concentration 

 

A.7.5 Michaelis-Menten model kinetics  

Reactions were pre-incubated at 30°C for 5 min and initiated by addition of 2.5 mM 

NADPH. Reactions were quenched with methanol by removing 50 µL at 4 different time points 

and dispensing the aliquot into 50 µL of methanol. Quenched reactions were centrifuged at 17,000 

x g for 10 min (4°C) and the supernatant was analyzed by Schimadzu HPLC using 354 nm UV 

detection. The conditions used for HPLC separation were identical to those used for determination 

of TTN. GraphPad Prism software was used to plot the initial velocities (V0) against the product 

concentration and to determine the kinetic constants kcat and kM by fitting the data to the standard 

Michaelis-Menten equation (Equation 4). All reactions were performed and analyzed in triplicate. 

Standard curves of products were run simultaneously in triplicate and fitted to a linear curve with 

R values of 0.98-0.99.  

Substrate tirandamycin C: Reactions were set up in a total volume of 200 µL and varying 

substrate concentrations ranging from 2 µM to 400 µM, with the following components:  

For TamI wild-type (0.018 µM P450, 0.36 µM ferredoxin, 0.054 µM ferredoxin reductase) 

For TamI L244A_L295I (0.025 µM P450, 0.5 µM ferredoxin, 0.075 µM ferredoxin reductase) 

For TamI L101A_L295I (0.035 µM P450, 0.7 µM ferredoxin, 0.1 µM ferredoxin reductase). 

Substrate tirandamycin E: Reactions were set up in a total volume of 200 µL and varying 

substrate concentrations ranging from 12.5 µM to 200 µM, with the following components:  
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For TamI wild-type (2.5 µM P450, 50 µM ferredoxin, 7.5 µM ferredoxin reductase) 

For TamI L244A_L295I (0.15 µM P450, 3 µM ferredoxin, 0.45 µM ferredoxin reductase) 

For TamI L101A_L295I (0.85 µM P450, 1.7 µM ferredoxin, 1.26 µM ferredoxin reductase). 

Substrate tirandamycin D: Reactions were set up in a total volume of 200 µL and varying 

substrate concentrations ranging from 5 µM to 120 µM, with the following components:  

For TamI wild-type (0.045 µM P450, 0.9 µM ferredoxin, 0.136 µM ferredoxin reductase) 

For TamI L244A_L295I (0.05 µM P450, 1 µM ferredoxin, 0.5 µM ferredoxin reductase) 

For TamI L101A_L295I (0.05 µM P450, 1 µM ferredoxin, 0.5 µM ferredoxin reductase). 

Substrate tirandamycin A: Reactions were set up in a total volume of 200 µL and varying 

substrate concentrations ranging from 6.25 µM to 200 µM, with the following components:  

For TamI wild-type (0.9 µM P450, 18 µM ferredoxin, 2.7 µM ferredoxin reductase) 

For TamI L244A_L295I (0.25 µM P450, 5 µM ferredoxin, 0.75 µM ferredoxin reductase) 

For TamI L101A_L295I (0.5 µM P450, 10 µM ferredoxin, 1.5 µM ferredoxin reductase).  

Substrate tirandamycin L: Reactions were set up in a total volume of 200 µL and varying 

substrate concentrations ranging from 10 µM to 400 µM, with the following components:  

For TamI wild-type (4 µM P450, 80 µM ferredoxin, 12 µM ferredoxin reductase) 

For TamI L244A_L295I (0.3 µM P450, 6 µM ferredoxin, 0.9 µM ferredoxin reductase) 

For TamI L101A_L295I (0.18 µM P450, 3.6 µM ferredoxin, 0.54 µM ferredoxin reductase). 

 

Equation 4 

V0 / [E] = Kcat [P] / KM + [P] 

[E] = Total enzyme concentration 

[S] = Product concentration 
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A.8 TamI Large-Scale Enzymatic Reactions and Isolation of Products 

All preparative scale biotransformation reactions were run in reaction buffer containing 50 

mM NaH2PO4, 0.2 mM DTT, 10% (v/v) glycerol, pH 7.4 at RT. The purity of compounds was 

determined by LC-MS analysis and 1H-NMR.  

Tirandamycin E (2): Purified tirandamycin E was isolated for use in analytical scale 

enzymatic reactions and as an authentic standard. Crude lysate of TamI-RhFRED fusion protein2 

was employed as the biocatalyst. The enzyme was expressed as previously described.2 The cells 

were lysed in reaction buffer (1 L culture in 70 mL) followed by sonication as described earlier. 

After centrifugation, the supernatant was filtered through a syringe-operated 0.45 µm filter 

(Corning) and a small aliquot of the protein was used for CO binding assays to quantify active 

P450. Reactions were run in a 10 mL scale using a 250 mL flask with the following component: 

500 µM tirandamycin C substrate, 2 µM TamI-RhFRED, 5 mM G6P, 2 U/mL G6PDH and 1 mM 

NADP+. Reactions were run at 30°C at 200 rpm and product formation was monitored via LC-

MS. Once reactions went to completion, they were quenched by adding 3X volume of acetone, 

followed by filtration using celite and a vacuum system. The filtrate was concentrated under 

reduced pressure and extracted using chloroform. The crude product was dissolved in methanol 

and purified by RP-HPLC on a 45 min gradient of 35-90% MeCN and H2O (no additives) using 

354 nm UV detection. Luna Phenyl-Hexyl (100 Å pore size LC column 5 μm, 250 x 10 mm; 

Phenomenex Inc) was used.  

Tirandamycin D (3): Purified tirandamycin E was isolated for use in analytical scale 

enzymatic reactions and as an authentic standard. Purified TamL was used as the biocatalyst 

following previously described methods.2 The crude product was dissolved in methanol and 

purified by RP-HPLC on a 45 min gradient of 35-90% MeCN and H2O (no additives) using 354 

nm UV detection.  

Tirandamycin L (6): Purified TamI L295A mutant was utilized as the biocatalyst to 

produce tirandamycin L. Reactions were run in a 34 mL scale using a 250 mL flask with the 

following components: 500 µM tirandamycin C substrate (approximately 7 mg), 2 µM P450, 40 

µM ferredoxin, 12 µM ferredoxin reductase, 5 mM G6P, 1 U/mL G6PDH and 1 mM NADP+. 

Reactions were run at 30°C at 200 rpm and product formation was monitored via LC-MS. Once 

reactions went to completion, they were quenched by adding 3X volume of acetone, followed by 
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filtration using celite and a vacuum system. The filtrate was concentrated under reduced pressure, 

extracted using ethyl acetate and washed with brine. The extract was dried with NaSO2, filtered 

and concentrated under preduced ressure. The crude product was dissolved in methanol and 

purified by RP-HPLC using a Luna Phenyl-Hexyl (100 Å pore size LC column 5 μm, 250 x 10 

mm; Phenomenex Inc) column on a 30 min isocratic gradient of 42% MeCN and H2O (no 

additives) using 354 nm UV detection.  

Tirandamycin M (7): Purified TamI L295V mutant was utilized as the biocatalyst to 

produce tirandamycin M. Reactions were run in a 34 mL scale using a 250 mL flask with the 

following components: 500 µM tirandamycin C substrate (approximately 7 mg), 2 µM P450, 40 

µM ferredoxin, 6 µM ferredoxin reductase, 5 mM G6P, 1 U/mL G6PDH and 1 mM NADP+. 

Reactions were run at 30°C at 200 rpm and product formation was monitored via LC-MS. Once 

reactions went to completion, they were quenched by adding 3X volume of acetone, followed by 

filtration using celite and a vacuum system. The filtrate was concentrated under reduced pressure, 

extracted using ethyl acetate and washed with brine. The extract was dried with NaSO2, filtered 

and concentrated under reduced pressure. The crude product was dissolved in methanol and 

purified by RP-HPLC using a Luna Phenyl-Hexyl (100 Å pore size LC column 5 μm, 250 x 10 

mm; Phenomenex Inc) column on a 35 min isocratic gradient of 42% MeCN and H2O (no 

additives) using 354 nm UV detection.  

Tirandamycin N (8): Purified TamI L101A_L295I mutant was utilized as the biocatalyst 

to produce tirandamycin N. Multiple reactions were run in a 5 mL scale using 50 mL falcon tubes 

with the following components: 300 µM tirandamycin C substrate (approximately 1 mg), 2 µM 

P450, 10 µM ferredoxin, 3 µM ferredoxin reductase, 5 mM G6P, 1 U/mL G6PDH and 1 mM 

NADP+. Reactions were run at 30°C at 200 rpm and product formation was monitored via LC-

MS.  Once reactions went to completion, they were quenched by adding 3X volume of acetone, 

followed by filtration using celite and a vacuum system. The filtrate was concentrated under 

reduced pressure and extracted using chloroform. The extract was concentrated under reduced 

pressure, dissolved in methanol and the pH was adjusted to 3-4 using 0.1M HCl. The crude product 

was purified by RP-HPLC using a Luna Phenyl-Hexyl (100 Å pore size LC column 5 μm, 250 x 

10 mm; Phenomenex Inc) column and a step isocratic method with 354 nm UV detection and the 

following conditions (A = H2O, B = MeCN): 32% B for 30 min, 42% B for 10 min, 100% B for 

15 min.  
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Tirandamycin O and O’ (9 and 10): Purified TamI L295A mutant was utilized as the 

biocatalyst to produce tirandamycin O and O’ (isolated as a single peak in the HPLC). Multiple 

reactions were run in a 5 mL scale using 50 mL falcon tubes containing: 250 µM tirandamycin C 

substrate (approximately 0.5 mg), 2 µM P450, 20 µM ferredoxin, 1 µM ferredoxin reductase, 5 

mM G6P, 1 U/mL G6PDH and 1 mM NADP+. Reactions were run at 30°C at 200 rpm and product 

formation was monitored via LC-MS. Once reactions went to completion, they were quenched by 

adding 3X volume of acetone, followed by filtration using celite and a vacuum system. The filtrate 

was concentrated under reduced pressure and extracted using chloroform. The extract was 

concentrated under reduced pressure, dissolved in methanol and the pH was adjusted to 3-4 using 

0.1M HCl. The crude product was purified by RP-HPLC using a Luna Phenyl-Hexyl (100 Å pore 

size LC column 5 μm, 250 x 10 mm; Phenomenex Inc) column and a 35 min isocratic gradient of 

40 % MeCN and H2O (no additives) using 354 nm UV detection. 

 

A.9 Computational Methods 

Quantum Mechanics: Conformational searches were performed with the Merck molecular 

force field in Spartan. All QM calculations were performed with Gaussian 09. Geometry 

optimizations and frequencies calculations were performed at the B3LYP level with LANL2DZ41 

for iron and 6-31G(d) for all other atoms. Transition structures contained one negative frequency. 

Enthalpies and free energies were computed at 1 atm and 298.15 K. A correction to the entropy 

was applied in accordance with the work of Zhao and Truhlar. Single point energy computations 

were performed at the B3LYP-D3(BJ) level with LANL2DZ for iron and 6- 311+G(d,p) in the gas 

phase for all calculations. 

MD Simulations: The heme iron(IV)-oxo complex involved in the cytochrome-catalyzed 

oxidative hydroxylation and epoxidation cycle (compound I) was used to model the active form of 

the cofactor. Simulations were performed using the GPU code (pmemd)4 of the Amber 12 

package, The Amber-compatible parameters developed by Cheatham et al. were used for 

compound I and its axial Cys ligand. Parameters for tirandamycin substrates were generated within 

the antechamber module using the general AMBER force field (gaff), with partial charges set to 

fit the electrostatic potential generated at the HF/6-31G(d) level by the RESP model. The charges 

were calculated according to the Merz−Singh− Kollman scheme using Gaussian 09. Each protein 
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was immersed in a pre-equilibrated truncated cuboid box with a 10 Å buffer of TIP3P water 

molecules using the tleap module, resulting in the addition of around 11,370 solvent molecules. 

The systems were neutralized by addition of explicit counter ions (Na+ and Cl−). All subsequent 

calculations were carried out using the widely tested Stony Brook modification of the Amber 99 

forced field (ff99sb). The substrate and enzyme were optimized for total 1,000,000 steps, with 

750,000 steepest descent steps and 250,000 conjugate gradient steps. The systems were gently 

heated using six 50 ps steps, incrementing the temperature by 50 K for each step (0−300 K) under 

constant volume and periodic-boundary conditions. Water molecules were treated with the 

SHAKE algorithm such that the angle between hydrogen atoms were kept fixed. Long-range 

electrostatic effects were modeled using the particle-meshEwald method. An 8 Å cutoff was 

applied to the LennardJones and electrostatic interactions. Harmonic restraints of 30 kcal/(mol Å2) 

were applied to the solute, and the Andersen equilibration scheme was used to control and equalize 

the temperature. The time step was kept at 1 fs during the heating stages, allowing potential 

inhomogeneities to self-adjust. Each system was then equilibrated for 2 ns with a 2 time step at a 

constant volume. Production trajectories were then run for an additional 1500 ns under the same 

simulation conditions. 
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A.10 Computational Energies and Coordinates of all Optimized Structures 

Energies: 

Transition states of tirandamycin congeners 
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Mechanisms for iterative TamI L244A_L295V mutant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tirandamycin E 
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Thermodynamic comparison of tirandamycin O tautomers 
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Analysis of TamI L101A_L295I Regioselectivity 

 

All energy values discussed in the manuscript correspond to the quasi-harmonic corrected Gibbs 

energies (ΔG-qh). All energies in kcal/mol. 
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A.11 Supplemental Schemes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme A.1. Possible mechanisms for iterative TamI L244A_L295V to install the C10 
ketone. In Route 1, two consecutive C-H hydroxylation events occur at the C10 site forming a 
geminal-diol that breaks non-enzymatically into the ketone. Route 2 suggests a double proton 
abstraction with the H-10 proton being abstracted first followed by the OH-11 proton. In Route 3, 
a double proton abstraction occurs as well but in an inverted order from route 2 where the OH-11 
proton is abstracted first.   
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A.12 Supplemental Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A.1. X-ray data collection and refinement statistics.  
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No.  Δ13C Δ1H (J [Hz]) COSY HMBC Selective NOE 

1 174.9     
2 116.2 7.13, d (15.7) 3 1, 4  
3 149.7 7.60, d (15.7) 2 1, 4, 5, 15  
4 134.3     
5 145.4 6.29, d (10.2) 6 3, 15  
6 34.7 2.85, ddd (9.5, 6.9, 2.3) 5, 16 16  
7 75.8 3.70, m 8 5 6a, 8a, 11a, 16a, 17a, 18a  

8 35.1 1.87, m 7, 17 7, 9, 10, 17 9, 17 

9 69.3 3.72, m 10a 5, 7, 8, 11, 13  6, 8, 10a, 11 16, 17, 18 

10a 21.7 2.15, m 9, 10b 8, 9, 11, 12 9a, 10b, 11  

10b 21.7 1.89, d (5.4) 10a 8, 11 9a, 10a, 11, 17  

11 58.5 3.17, d (5.4) 10b 9, 10, 18 7a, 9a, 10a, 10b, 18 

12 54.6     
13 95.9     
14 22.5 1.35, s  12, 13  
15 11.9 1.92, d (1.3)  3, 4, 5   
16 16.9 1.13, d (7.0) 6 5, 6, 7  6, 7a, 15  

17 12.6 0.70, d (7.0) 8 7, 8, 9 6, 9a, 10b, 15 

18 16.6 1.30, bs   11, 12, 13  7a, 11 

1' (N)  5.71, bs    
2' 176.3     
3' 99.9     
4' 192.3     
5' 51.6 3.78, s  2', 4'  

O
O

HO
NH

O

O

18

14
7

10

9
8 17

O
12 H
13

6

16

5
4

15

3 2

1
3’

2’

4’ 5’

11 H
a

b

Table A.2. NMR characterization for tirandamycin L (6) in CD2Cl2.  
aAssigned based upon knowledge of spectra with possible interchanged signals for C9 (3.72, m) and C7 (3.70, m). 
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No.  δ 13C δ 1H (J [Hz]) COSY HMBC Selective NOE 

1 175.0     
2 116.0 7.13, d (15.7) 3 1  
3 150.0 7.59, d (15.8) 2 15  
4 134.5     
5 145.3 6.30, d (10.2) 6 3, 15  
6 34.7 2.91, ddd (9.7, 6.9, 2.3) 16   
7a 76.0 3.92, m   8b, 11b, 16b, 17b, 18b   

8 36.5 2.0, m 17, 7  5, 9b, 17 

9a 71.5 3.93, d (5.7) 8, 10 7, 8, 10, 11, 13 8b, 10b, 17b, 18b 

10a 67.3 4.32, d (7.2) 9 8, 9, 11, 12 9b, 11 

10b      
11 63.5 3.14, s  9, 10 7b, 9b, 10a, 14, 18   

12 55.9     
13 96.2     
14 29.6 1.26    
15 12.0 1.92, bs  3, 4, 5   
16 16.7 1.14, d (7.0) 6 6, 7 5, 6, 7b, 15, 18 

17 12.7 0.94, d (7.4) 8 7, 8, 9   
18 16.3 1.36, bs  11, 12, 13 7b, 9b, 11, 16  

1' (N)  5.70, bs    
2' 176.4     
3' 99.9     
4' 192.4     
5' 51.5 3.78, s  2', 4'  

O
O
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Table A.3. NMR characterization for tirandamycin M (7) in CD2Cl2.  
a Assigned based on similarity to the carbon shifts of precursors, tirandamycin E and C. 
b Assigned based upon knowledge of spectra with possible interchanged signals for C9 (3.93, d) and C7 (3.92, m). 
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 Tirandamycin M (this work) Previously published spectra, TAM E10 

No. δ 1H (J Hz) δ 1H (J Hz) 

1   

2 7.15, d (15.7) 7.15, d (16.0) 

3 7.59, d (15.7) 7.60, d (15.5) 

4   

5 6.29, d (10.0) 6.29, d (9.5) 

6 2.88, m 2.89, m 

7 3.92, d (10.7) 3.92, d (10.5) 

8 2.02, m 2.04, m 

9 3.98, m 3.98, m 

10a 4.41, d (7.4) 4.41, d (7.0) 

10b   

11 3.19, s 3.19, s 

12   

13   

14 1.42, s 1.42, s 

15 1.93, s 1.93, s 

16 1.14, d (7.1) 1.14, d (7.0) 

17 0.95, d (7.5) 0.96, d (7.5) 

18 1.40, s 1.40, s 

1' 
(N) 5.67, bs 

 

2'   

3'   

4'   

5' 3.82, s 3.82, s 

Table A.4. Comparison of 1H-NMR spectra between tirandamycin M (in vitro) and the previously 
published spectra (in vivo, named TAM E).10 In this paper, this molecule has been renamed as 
tirandamycin M for clarity. Both spectra were taken in CDCl3. 
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No.  δ 13Cc δ 1H (J [Hz]) COSY HMBC Selective NOE 

1 175.0     
2 116.2 7.13, d (15.7) 3 1, 4  
3 150.0 7.59, d (15.7) 2 1, 5, 15  
4 134.4     
5 145.2 6.27, d (10.1) 6 3, 15  
6 34.6 2.85, ddd (9.6, 6.8, 2.2) 5, 16   
7 76.2 3.75, m 8, 10a  6b, 8b, 15b, 16b, 17b, 18ab 

8 35.0 1.90, m 7, 17   
9 69.1 3.77, d (2.5)  7, 11, 13 8b, 10ab, 17b 

10a 21.3 2.20, dd (16.4, 8.2) 8, 9 8, 9, 11, 12 9, 10b, 11 

10b 21.3 1.94, dd (16.4, 5.6)   2, 6, 7, 10a, 11, 17 

11 54.0 3.57, d (5.6) 10b 9, 10 7, 9, 10a, 10b, 18a  

12 56.9     
13 95.0     
14 23.2 1.37, bs  12, 13 18a, 18b 

15 12.1 1.92, bs  3, 4, 5  
16 17.0 1.13, d (7.0) 6 5, 6, 7 5, 6, 7b, 15 

17 12.5 0.70, d (7.0) 8 6, 7, 9 6, 7b, 9b, 10b, 15 

18a 58.9 3.88, m  11, 12 14 

18b 58.9 3.79, s    

1' (N)  5.72, bs    
2' 176.4     
3' N/Aa     
4' 192.4     
5' 51.5 3.78, s  2', 4'  

O
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Table A.5. NMR characterization for tirandamycin N (8) in CD2Cl2.  
a Not observed in 2D experiments but observed for tirandamycin C (starting material) 
b Assigned based upon knowledge of spectra with possible interchanged signals for C9 (3.77, d) and C7 (3.75, m). 
c Assigned based on HMBC and HSQC spectra. 
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No.  δ 13Ca δ 1H (J [Hz]) COSY HMBC Selective NOE 

1 175.0   
 

 

2 116.0 7.14, d (15.7) 3 1, 4  

3 149.4 7.58, d (15.8) 2 1, 5, 15  

4 134.7   
 

 

5 144.3 6.19, d (10.2) 6 3, 15  

6 35.0 2.76, ddd (9.6,6.8,2.3) 16, 5 16  

7 76.0 3.21, d (11.5) 8 5 6, 8, 11, 16, 17, 18 

8 32.8 2.02, m  17  5, 7, 9, 17 

9 78.0 4.15, d (5.5) 8 7, 8, 10, 11, 13 8, 17 

10 204.0     

11a      

11b 72.1 4.11, s  10 7, 17 

12 78.3   
 

 

13 103.0     
14 21.5 1.50, s  12, 13 18 

15 12.0 1.89, bs 5 3, 4, 5   
16 16.3 1.05, d (7.0) 6 5, 6, 7  
17 11.8 0.79, d (7.1) 8 7, 8  6, 7, 8, 9, 11, 15 

18 16.0 1.31, s  10, 12, 13 7, 14 

1' (N)  5.70, bs    
2' 176.3     
3' N/Ab     
4' 192.4     
5' 51.7 3.78, s  2', 4'  

O
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Table A.6. NMR characterization for tirandamycin O (9) in CD2Cl2.  
a Assigned based on HMBC and HSQC spectra  
b Not observed in 2D experiments but observed for tirandamycin C (starting material) 
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No.  δ 13Ca δ 1H (J [Hz]) COSY HMBC Selective NOE 

1 175.0     
2 116.6 7.14, d (15.7) 3 1, 4  
3 150.1 7.57, d (15.8) 2 1, 5, 15  
4 135.0     
5 144.3 6.15, d (10.1) 6 3, 15  
6 35.5 2.73, td (7.1, 3.5) 16  

 
7 76.3 3.44, d (11.4, 2.1) 8  6, 16, 17, 18 

8 32.5 2.07, m 7, 17 7 5, 6, 7, 9, 17 

9 78.0 4.20, dd (6.1, 2.5) 8 7, 11, 13 8, 10, 17 

10a     
 

10b 74.2 4.28, d (2.7)  11  9, 17  

11 205.0     
12 79.9     
13 105.0     
14 21.0 1.47, s  12, 13 18 

15 12.2 1.88, s  4, 5  
16 16.7 1.05, d (7.01) 6 5, 6, 7  
17 11.2 0.83, d (7.1) 8 7 6, 7, 8, 9, 10 

18 14.8 1.33, s  11, 12, 13 7, 14 

1' (N)  5.70, bs    
2' 176.0     
3' N/Ab     
4' 192.3     
5' 51.5 3.78, s  2', 4'  

O
O

HO
NH

O

O

18

14
7

10

9
8 17

HO
12

O
OH
H

13
6

16

5
4

15

3 2

1
3’

2’

4’ 5’

11

b

Table A.7. NMR characterization for tirandamycin O’ (10) in CD2Cl2.  
a Assigned based on HMBC and HSQC spectra  
b Not observed in 2D experiments but observed for tirandamycin C (starting material) 
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Table A.8. Total turnover numbers (TTN) for enzymatic reactions involving TamI WT and 
variants and different tirandamycin substrates. TTN = mol substrate consumed/mol P450. 
Reported errors are standard deviations calculated from experiments performed in triplicate.  
 

Table A.9. Kinetic parameters for TamI WT, iterative L244A_L295V and selective 
L101A_L295I. Kcat/KM values of TamI variants that are higher than the values calculated for the 
parent enzyme are highlighted in red.  
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Table A.10. Substrate binding analysis of TamI WT and variants with different tirandamycin substrates. 
Equilibrium dissociation constant values (Kd) represented in µM. Reported errors are standard deviations 
calculated from experiments performed in triplicate. NS refers to no apparent shift observed in differential 
spectrum upon substrate titration to P450, even at substrate saturation levels. 
 

Table A.11. Antimicrobial activity of tirandamycin congeners against select strains. Media composition, 
solid, seed culture, MIC culture: 1 – LB agar, Mueller-Hinten broth, Mueller-Hinten broth. 2 – TSA, BHI broth, 
BHI broth. 3 – Blood agar, 5% blood broth, 0.5% blood broth. Tirandamycin 9 contained a minor presence of 
10 in the sample in a 5:1 ratio. 
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A.13 Supplemental Figures 

 

 

Figure A.1. Comparing substrate-bound and substrate-free TamI. (A) Cartoon representation of the 
superposition of substrate-free TamI (orange) and substrate-bound TamI (grey and blue). The r.m.s.d between 
the structures is 1.64 Å over 340 atoms. (B) Close-up view of active site of superposed structures. The FG loop, 
BC loop, and I helix undergo conformational rearrangements upon substrate binding. (C) Surface representation 
of the substrate-bound structure. Protein regions that undergo conformational change are colored. 

Figure A.2. Equilibrium dissociation constant binding curves for TamI WT and mutants with 
tirandamycin C (1) substrate. 
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Figure A.3. Qualitative spectral shift assay. For qualitative assessment of spectral shift 1 µM of P450 TamI 
was incubated with 1 µM tirandamycin C (green trace) and 5 µM tirandamycin C (blue trace). TamI mutants 
F92A, I400A, L399A_I400A, F92A_L101V_H102S, L101V_H102S, and S397A_T398A_L399A_I400A 
showed no shift and were not utilized for quantitative measurements. 
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Figure A.4. QM calculations for stereoselectivity in TamI chemistry. (A) No inherent preference in R versus 
S selectivity for C10 hydroxylation with tirandamycin C. (B) Innate preference for the 11R/12S epoxidation with 
tirandamycin D. B3LYP/6-311+G(d,p)/LanL2DZFe // B3LYP/6-31G(d)/LanL2DZFe 
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Figure A.5. MD simulations of iterative oxidation cascade with TamI. (A) Bicyclic ketal distance from 
Fe(IV)-oxo radical cation. (B) The geometric orientation of tirandamycin D is similar to that of the QM transition 
state. (C) The geometric orientation of tirandamycin A shows a range of snapshots with similar orientation to 
the QM transition state geometry. (D) The MD simulations show changes in substrate orientation as the oxidation 
level increases. All simulations were performed for 500 ns using Amber12/ff99SB-ILDN/GAFf. 
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Figure A.6. CO difference spectroscopy for TamI mutants designed to explore the structural basis of 
TamI. Spectra of sodium dithionite reduced protein (blue) and CO-bound reduced enzyme (orange). 
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Figure A.7. Analytical enzymatic reactions with TamI WT, TamI variants and tirandamycin 
C substrate. LC-MS traces are extracted at 354nm, the signature UV of tirandamycin. Authentic 
standards include tirandamycin C, E, D, A and B (lanes 2-6). Compared to WT activity (lane 7), 
mutants TamI L101A (lane 8) and L295A (lane 12) showed a distinct product profile generating 
new tirandamycin congeners (RT 12.7, 11.8, 11.6 and 10min). Although in nominal yields, TamI 
L244A (lane 10) and L244V (lane 11) also generated a new tirandamycin congener (RT 9.6min). 
L244V overexpressed poorly in E. coli compared to L244A, hence L244A was selected for further 
studies. TamI I247A (lane 15) led to significant formation of tirandamycin A compared to WT, 
suggesting an enhanced ability for iterative oxidation catalysis. Moreover, conserved residues 
G248 and T252, which are involved in the proton delivery mechanism and dioxygen activation of 
P450 catalysis, led to WT activity when mutated to alanine. This suggests that TamI can tolerate 
significant deviations from the WT active structure without loss of oxidative activity. It is 
important to note that the neighboring residues G249 and T253 may compensate for the G249A 
and T252A mutations. 
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Figure A.8. Analytical enzymatic reactions of TamI mutants and tirandamycin C substrate. LC-
MS traces are extracted at 354nm, signature UV of tirandamycin. Authentic standards include 
tirandamycin C, E, D, A and B (lanes 2-6). (A) The majority of L101 mutants led to non-selective 
catalysis. TamI L101V (lane 9) and L101I (lane 10) showed a similar product profile to WT (lane 7). 
TamI L101S (lane 13) had a similar product profile to L101A but overexpressed poorly in E. coli. 
TamI L101Y (lane 12) accumulated tirandamycin D as the major product. (B) Most variations at the 
L295 site resulted in WT activity. TamI L295Y (lane 12) led to no product formation. TamI L295T 
(lane 14) showed a similar product profile as L295V (lane 9) but it overexpressed poorly in E. coli 
compared to L295V. (C) Mutations at the L244 site led to WT activity with the exception of L244Y 
(lane 12) and L244D (lane 14) which abolished enzymatic activity. (D) Double mutant TamI 
L101A_L295V (lane 8) was designed to increase formation of the new double oxidation congener 
with RT 10min. Triple mutant L101A_L295I_L244A (lane 9) was engineered to explore the effect of 
simultaneously introducing mutations at these three key leucine sites and it displayed a non-selective 
product profile. 
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Figure A.9. Suspected H-bonding interaction between His99 and tirandamycin D ketone. (A) MD 
simulations of TamI WT with tirandamycin D substrate. A predicted hydrogen bonding interaction 
between Histidine 99 and the C-10 allylic ketone of tirandamycin D is shown in a dashed arrow. (B) 
QM calculations of the tirandamycin D-His 99 interaction. Energies are shown in kcal/mol. ΔΔE± 
quantifies the electronic energy and ΔΔG± is Gibb’s free energy. The C=O-His interaction lowers the 
electronic energy of the rate limiting transition state. The same is true for the free energy of the transition 
state, therefore it seems favorable to have this His interaction for the epoxidation. (C) Analytical 
enzymatic reaction of TamI WT and H99V variant with tirandamycin D substrate. LC-MS traces are 
extracted at 354nm, the signature UV of tirandamycin. Comparable product conversion to TamI WT is 
exhibited by H99V mutant. (D) Equilibrium substrate binding analysis of TamI WT and H99V with 
tirandamycin D. Reported errors are standard deviations calculated from experiments performed in 
triplicate. 
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Figure A.10. PyMOL simulations of TamI mutants. Substitutions were modeled in PyMOL from TamI WT 
in complex with 1. For mutants TamI L295A and L295V: the major products isolated from preparative-scale 
reactions with the P450 enzyme and 1 as substrate are depicted on the top right corner of each model. For mutants 
TamI L244A_L295V and L101A_L295I: The more highly oxidized products from analytical enzymatic 
reactions with the P450 and 1 as substrate are depicted on the top right corner of each model. 
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Figure A.11. MD simulations of TamI mutants. The simulations show changes in the orientation between the 
various tirandamycin substrates that match the geometry for the expected reactivity and selectivity. Simulations 
were performed using Amber12/ff99SB-ILDN/GAFF for 1500 ns. 
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Figure A.12. Endpoint assays with TamI L295A. Analytical enzymatic reactions with TamI L295A and 
tirandamycin substrates are shown in lanes 11 and 12. Reactions were run using standard conditions. No enzyme 
control reactions are shown in lanes 13 and 14. LC-MS traces are extracted at 354nm, the signature UV of 
tirandamycin. Authentic standards include tirandamycin C, E, D, A, B, L, M, N and a mix of O and O’ (in a 5:1 
ratio) (lanes 2-10). 
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Figure A.13. Endpoint assays with TamI 
L101A_L295I. Analytical enzymatic 
reactions with TamI L101A_L295I and 
various tirandamycin substrates are shown 
in lanes 11-13. Control reactions are shown 
in lanes 14-17. LC-MS traces are extracted 
at 354nm, the signature UV of 
tirandamycin. Authentic standards include 
tirandamycin C, E, D, A, B, L, M, N and a 
mix of O and O’ (in a 5:1 ratio) (lanes 2-
10). 
 

Figure A.14. Endpoint assays with TamI 
L295V. Analytical enzymatic reactions with 
TamI L295V and various tirandamycin 
substrates are shown in lanes 11-13. Control 
reactions are shown in lanes 14-17 including 
no enzyme controls. LC-MS traces are 
extracted at 354nm, the signature UV of 
tirandamycin. Authentic standards include 
tirandamycin C, E, D, A, B, L, M, N and a 
mix of O and O’ (in a 5:1 ratio) (lanes 2-10). 
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Figure A.15. The stepwise oxidative cascade of iterative TamI L244A_L295V and TamI WT. (A) Analytical 
enzymatic reactions with TamI L244A_L295V and various tirandamycin substrates. (B) Control reactions with 
TamI WT and various tirandamycin substrates. Minimal to no formation of tirandamycin B is observed. LC-MS 
traces are extracted at 354nm, the signature UV of tirandamycin. Authentic standards include tirandamycin C, 
E, D, A, B, L, M, N and a mix of O and O’ (in a 5:1 ratio) (lanes 2-10). 
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Figure A.16. Bicyclic ketal distance from Fe(IV)-oxo radical cation. (A) MD simulations of TamI mutants 
with 1. (B) MD simulations with 2. (C) MD simulations with 6. All simulations were run for 1500 ns. 
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Figure A.17. Assays with the flavoprotein TamL. (A) Binding affinities of tirandamycin E and M 
to the TamL enzyme using ITC. (B) HPLC analysis of the culture broth of a Streptomyces sp. 307-9 
ΔtamL flavoprotein mutant strain after 4 days of growth. LC-MS traces are extracted at 354nm, the 
signature UV of tirandamycin. Authentic standards include tirandamycin E and M. 
 

Figure A.18. Stereochemical configuration of tirandamycins O and O’. The ΔΔG of each 
theoretically possible stereoisomer was calculated. 
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Figure A.19. 1H-NMR experiments with tirandamycin O (9). C10-keto-tirandamycin O (5:1) was incubated 
with deuterated water and 1H-NMR spectra were taken after 5 min and 12 hours. No change in the NMR spectra 
was detected. Assignments for H-9 and H-11b protons were made based on COSY correlations between H-9 and 
H-8. 
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Figure A.20. Endpoint assays with TamI WT 
and variants using tirandamycin M substrate. 
Analytical enzymatic reactions using standard 
conditions are shown in lanes 11-16. Control 
reactions are shown in lanes 17-19. LC-MS traces 
are extracted at 354nm, the signature UV of 
tirandamycin. Authentic standards include 
tirandamycin C, E, D, A, B, L, M, N and a mix of 
O and O’ (in a 5:1 ratio) (lanes 2-10). 
 

Figure A.21. Endpoint assays with TamI WT 
and variants using tirandamycin N substrate. 
Analytical enzymatic reactions using standard 
conditions are in lanes 11-16. Control reactions are 
shown in lanes 17-19. LC-MS traces are extracted 
at 354nm, the signature UV of tirandamycin. 
Authentic standards include tirandamycin C, E, D, 
A, B, L, M, N and a mix of O and O’ (in a 5:1 ratio) 
(lanes 2-10). 
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Figure A.22. Endpoint assays with TamI WT and variants using tirandamycin O and O’ 
substrates (5:1 ratio of tirandamycin O to O’). Analytical enzymatic reactions using standard 
conditions are in lanes 11-16. Control reactions are shown in lanes 17-19. LC-MS traces are extracted 
at 354nm, the signature UV of tirandamycin. Authentic standards include tirandamycin C, E, D, A, B, 
L, M, N and a mix of O and O’ (in a 5:1 ratio) (lanes 2-10). 
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Figure A.23. Equilibrium dissociation constant binding curves for TamI WT and variants with 
different tirandamycin substrates. Titrations were stopped when no further spectral shift occurred 
even upon further addition of substrate. All tirandamycin substrates were soluble well above the 
concentrations used in the titration assays.  
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Figure A.24. CO difference spectroscopy for TamI mutants designed to alter the selectivity 
of TamI.  
Blue = spectra of sodium dithionite reduced proteins. Orange = CO-bound reduced forms. 
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Figure A.25. New tirandamycin compound characterization - HRMS.  
(A) Tirandamycin L (in vitro assay), calculated mass [M-H]+ = 402.1917, experimental mass [M-H]+ = 
402.1934 
(B) Tirandamycin M (in vitro assay), calculated mass [M-H]+ = 418.1866, experimental mass [M-H]+ = 
418.1857 
(C) Tirandamycin N (in vitro assay), calculated mass [M-H]+ = 418.1866, experimental mass [M-H]+ = 
418.1888 
(D) Tirandamycins O and O’ (in vitro assay), calculated mass [M-H]+ = 434.18149, experimental mass [M-
H]+ = 434.1805 
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Figure A.26 Compound characterization – tirandamycin L (6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H spectrum of tirandamycin L (6) (800 MHz, CD2Cl2) 
The additional set of doublets in the 7.00 - 8.00 ppm region correspond to the tetramic acid isomer of 6.
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COSY spectrum of tirandamycin L (6) (800 MHz, CD2Cl2) 
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HSQC spectrum of tirandamycin L (6) (800 MHz, CD2Cl2) 
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HMBC spectrum of tirandamycin L (6) (800 MHz, CD2Cl2) 
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13C spectrum of tirandamycin L (6) (800 MHz, CD2Cl2) 
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Selective NOE spectra of tirandamycin L (6) (800 MHz, CD2Cl2) 
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Figure A.27 Compound characterization – tirandamycin M (7, also known as TAM E) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H spectrum of tirandamycin M (7) (800 MHz, CD2Cl2) 
The additional set of doublets in the 7.00 - 8.00 ppm region correspond to the tetramic acid isomer of 7.
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COSY spectrum of tirandamycin M (7) (800 MHz, CD2Cl2) 
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HSQC spectrum of tirandamycin M (7) (800 MHz, CD2Cl2) 
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HMBC spectrum of tirandamycin M (7) (800 MHz, CD2Cl2) 
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13C spectrum of tirandamycin M (7) (800 MHz, CD2Cl2)
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Selective NOE spectra of tirandamycin M (7) (800 MHz, CD2Cl2) 
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Figure A.28 Compound characterization – tirandamycin N (8) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H spectrum of tirandamycin N (8) (800 MHz, CD2Cl2) 
The additional set of doublets in the 7.00 - 8.00 ppm region correspond to the tetramic acid isomer of 8.
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COSY spectrum of tirandamycin N (8) (800 MHz, CD2Cl2) 
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HSQC spectrum of tirandamycin N (8) (800 MHz, CD2Cl2) 
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HMBC spectrum of tirandamycin N (8) (800 MHz, CD2Cl2) 
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Selective NOE spectra of tirandamycin N (8) (800 MHz, CD2Cl2) 
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Figure A.29 Compound characterization – tirandamycin O (9) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H spectrum of tirandamycin O (9) (800 MHz, CD2Cl2) 
The additional set of doublets in the 7.00 - 8.00 ppm region correspond to the tetramic acid isomer of 9.
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COSY spectrum of tirandamycin O (9) (800 MHz, CD2Cl2) 
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HSQC spectrum of tirandamycin O (9) (800 MHz, CD2Cl2) 
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HMBC spectrum of tirandamycin O (9) (800 MHz, CD2Cl2) 
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Selective NOE spectra of tirandamycin O (9) (800 MHz, CD2Cl2) 
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Figure A.30 Compound characterization – tirandamycin O’ (10) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1H spectrum of tirandamycin O’ (10) (800 MHz, CD2Cl2) 
The additional set of doublets in the 7.00 - 8.00 ppm region correspond to the tetramic acid isomer of 10
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COSY spectrum of tirandamycin O’ (10) (800 MHz, CD2Cl2) 
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HSQC spectrum of tirandamycin O’ (10) (800 MHz, CD2Cl2) 
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HMBC spectrum of tirandamycin O’ (10) (800 MHz, CD2Cl2) 
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Selective NOE spectra of tirandamycin O’ (10) (800 MHz, CD2Cl2) 
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APPENDIX B: 
Experimental Procedures and Supplemental Information for Chapter 3 

 
 

B.1 Materials and General Methods 

Media components, chemical reagents and solvents were purchased from Thermo Fisher 

Scientific and Sigma-Aldrich unless otherwise stated. Lysozyme was purchased from dot 

Scientific Inc. Imidazole was purchased from AK Scientific. Kanamycin sulfate and isopropyl-β-

D-thiogalactopyranoside (IPTG) were obtained from Gold Biotechnology. Nicotinamide adenine 

dinucleotide phosphate reduced form (NADPH) was purchased from Chem-Impex Int’l INC. δ-

aminolevulinic acid was purchased from Oakwood Chemical. Amicon Ultra centrifugal filters 

used for protein concentration were from EMD Millipore. PD-10 columns were purchased from 

GE Healthcare. Deionized water was obtained from a Milli-Q system (EMD Millipore) using 

QGard 2/Quantum Ex Ultrapure organex cartridges. For media, buffers, and other solutions, pH 

and pD were measured using a VWR sympHony SB70P pH meter calibrated following 

manufacturer’s specifications.  Media solutions were autoclaved before use.  

PCR was completed using a Bio-Rad iCycler thermal cycler system and DNA primers for 

site-directed mutagenesis were obtained from Integrated DNA Technologies. Invitrogen plasmid 

miniprep kits were purchased from Thermo Fisher Scientific and manufacturer’s protocols were 

followed for all DNA extractions and purifications. A NanoDrop ND-1000 spectrophotometer was 

used to quantify DNA concentrations. DNA sequencing was performed at Eurofins Genomics. 

Optical density (OD600) was measured using an Eppendorf BioPhotometer. Centrifugations were 

done using a Beckman Coulter Avanti J-20 XP centrifuge, and sonication was performed using a 

Fisherbrand Model 705 Sonic Dismembrator.  

Reversed-phase high- performance liquid chromatography (RP-HPLC) purification was 

performed using a Waters XBridge 5 mm C18 column and a solvent system of acetonitrile and 

H2O supplemented with 0.1% formic acid (FA) unless stated otherwise. High-resolution ESI-MS 

spectra was acquired and performed on a quadrupole time-of-flight spectrometer (Agilent Q-TOF 

6500 series) using a XBridgeTM C18 3.5 µm 50 mm column with a MeCN and H2O solvent 
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system supplemented with formic acid (0.1% v/v). A Schimadzu analytical HPLC was used for 

analysis of analytical enzymatic reactions using the same column and solvent system.  

 

B.2 Isolation and Purification of Tirandamycin 

B.2.1 Streptomyces sp. 307-9 ΔtamI P450 growth and extraction of tirandamycin C 

The culturing and extraction procedures for tirandamycin C were followed as previously 

described.1 The mutant strain was maintained on ISP2 agar plates supplemented with 50 µg/mL 

apramycin and as spore stocks. Approximately 10-20 mg of pure tirandamycin C were consistently 

isolated from 1 L of culture.  

B.2.2 TamI large-scale enzymatic reactions and isolation of tirandamycin L, O and O’ 

The enzymatic reactions and isolations of tirandamycin were carried out as previously 

described.1 Purified TamI L295A was used as the biocatalyst to produce tirandamycin L, O and 

O’. When performing the reaction in a large scale (34-mL scale reaction using 500 µM 

tirandamycin C substrate and 2 µM P450), tirandamycin L accumulated as the main product. When 

running the reaction at a smaller scale (5-mL scale using 250 µM tirandamycin C substrate and 2 

µM P450), tirandamycin O and O’ formed as the main products and were isolated as a single peak 

via HPLC.  

 

B.3 Protein Expression and Purification 

B.3.1 TamI protein expression and purification 

Expression of TamI and TamI mutants:  The pET28b_TamI plasmid previously generated1 

was used to express N-terminally His-tagged TamI. E. coli BL21 (DE3) was transformed with the 

plasmid. Kanamycin (50µg/mL) was added to 1 L of Terrific Broth (TB) media, which was then 

inoculated with the transformed E. coli cells. The 1 L cultures were grown overnight at 37°C until 

an OD600 of 0.8-1.0 was reached, cooled in an ice-water batch (10-20 min), induced with 0.4 mM 

IPTG and 0.4 mM δ-aminolevulinic acid, and expressed for 18-20 hours at 18°C. The cells were 

harvested by centrifugation and stored at -80°C until used for protein purification. 
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Protein purification for enzymatic assays and large-scale reactions: Purification was 

carried out as previously described.1 Protein purity was assessed by SDS-Page and quantified as 

previously described.1 

 

B.4 Enzymatic Assays 

B.4.1 TamI variants enzymatic assays 

Standard conditions: Reactions were performed in vitro in an analytical scale to a final 

volume of 100 µL of reaction buffer (50 mM NaH2PO4, pH 7.4 at RT) containing 200 µM 

substrate, 2 µM P450, 40 µM spinach ferredoxin, 6 µM spinach ferredoxin-NADP+ reductase and 

2.5 mM NADPH. As negative controls, enzymes were omitted. Reactions were run for 2 h at 30°C, 

quenched by addition of 100 µL MeOH and centrifuged for 10 min at 4°C. The supernatant was 

analyzed by HPLC and LC-MS using 354 nm UV detection, positive/negative ion MS detection 

when applicable, and the following conditions (A = H2O + 0.1% FA, B = MeCN + 0.1% FA): 10% 

B for 2 min, 10-100% B over 15 min, 100% B for 2 min, 10% B for 2 min; flow rate 0.2 mL/min; 

injection volume 10 µL for HPLC and 2 µL for LC-MS. All reactions were performed and 

analyzed in duplicate. 

B.4.2 TamI enzymatic assays initiated with hydrogen peroxide 

Reactions were set up to a final volume of 100 µL of reaction buffer (50 mM NaH2PO4, 

pH 7.4 at RT) containing 200 µM substrate, 2 µM P450 and varying concentrations of H2O2 (10, 

100 or 200 mM). As negative controls, P450 enzyme was omitted. Reactions were run for 30 min 

at 30°C (unless otherwise stated), quenched by addition of 100 µL MeOH and centrifuged for 10 

min at 4°C. The supernatant was analyzed by HPLC and LC-MS as described above for TamI 

mutants’ enzymatic assays. Control reactions were set up as described in paragraph B.7.1, using 

redox partners and NADPH. 

B.4.3 TamI enzymatic assays initiated with iodosobenzene 

Reactions were set up to a final volume of 100 µL of reaction buffer (50 mM NaH2PO4, 

pH 7.4 at RT) containing 100 µM substrate, 10 µM P450 and 2 mM iodosobenzene (0.1M working 

solution freshly prepared in MeOH). As negative controls, P450 enzyme was omitted. Reactions 

were run for 30 min at 30°C (unless otherwise stated), quenched by addition of 100 µL MeOH and 
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centrifuged for 10 min at 4°C. The supernatant was analyzed by HPLC and LC-MS as described 

above for TamI mutants’ enzymatic assays. Control reactions were set up as described in paragraph 

B.4.1, using redox partners and NADPH. 

Preparation of iodosobenzene: To commercially available iodosobenzene diacetate (1 g), 

3M NaOH (4.65 mL) was added over a 5 min period with stirring. Any solid lumps formed were 

triturated manually for 15 min. The reaction was stirred for an additional 45 min prior adding 100 

mL distilled H2O with stirring. The resulting solid (crude iodosobenzene) was collected on a 

Büchner funnel, washed with H2O, dried extensively by maintaining suction and dissolved in 

CHCl3. The pure iodosobenzene was separated by filtration and air-dried prior use.   

B.4.4 Measurement of hydrogen peroxide concentration in TamI reactions 

TamI reactions were set up as described above for TamI mutants’ enzymatic assays, from 

which 10 µL aliquots of reaction mixture were taken and mixed with 50 µL milliQ water prior 

quenching with 40 µL chloroform. The mixture was centrifuged for 1 min at 4°C and the aqueous 

supernatant used for the Amplex® Red Hydrogen Peroxide/Peroxidase Assay (Life Technologies). 

The manufacturer’s protocol was followed to build a standard curve for H2O2 using concentrations 

ranging from 0 to 32 µM in a 96-well plate (Corning Costar). For test reactions, 10 µL TamI 

reaction aqueous supernatant was added to 40 µL 1X Reaction Buffer and 50 µL of 100 µM 

Amplex® Red reagent. Next, 0.2 U/mL horseradish peroxygenase (HRP) was added to each well 

to initiate reactions. Reactions were incubated at RT for 30 min, protected from the light. 

Afterwards, the absorbance at 560 nm of each sample well was recorded and used to calculate the 

concentration of H2O2 by fitting into a standard curve. All reactions were performed and analyzed 

in duplicate. 

B.4.5 The effect of Reactive Oxygen Species (ROS) scavengers on TamI reactions 

To a TamI reaction containing 1 µM P450, 20 µM ferredoxin, 6 µM ferredoxin reductase 

and 200 µM tirandamycin substrate, 20 U bovine liver catalase, 2 U SOD from bovine 

erythrocytes, 20 mM ascorbate and the combination of these three ROS scavengers were added in 

a 50 µL reaction mixture. Reactions were initiated with 2.5 mM NADPH and incubated for 2 h at 

30 °C, prior quenching with 50 µL methanol. The reaction supernatants were analyzed by HPLC 

using 354 nm UV detection. Dose responses were evaluated using 0, 1, 5, 10 and 100 U catalase; 

0, 0.05, 0.5, 1 and 10 U SOD; 0, 1, 5, 10 and 100 mM ascorbate in parallel reactions. The total 
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product formation was determined by obtaining the areas under the curve of HPLC peaks 

corresponding to product formation. Standard curves were run simultaneously in duplicate. HPLC 

conditions were as follows (A = H2O + 0.1% FA, B = MeCN + 0.1% FA): 10% B for 2 min, 10-

85% B over 15 min, 100% B for 4 min, 10% B for 2 min; flow rate 0.2 mL/min; injection volume 

10 µL. The dose response curves were drawn with the overall conversion to product under the 

different concentration of ROS scavengers. All reactions were performed and analyzed in 

duplicate. 

B.4.6 Steady-State Kinetic Solvent Isotope Effects (KSIE)  

Reactions were performed in a H2O-based buffer consisting of 50 mM NaH2PO4, 9% 

glycerol (to replicate the viscosity of D2O) with pH 7.4 at RT or a D2O-based buffer comprising 

the same components minus glycerol with pD 7.4 at RT. The D2O-based buffer was prepared as 

follows: NaH2PO4 was dissolved in 99.9% D2O to a final 50 mM concentration and incubated 

overnight. The solution was evaporated to dryness using a Biotage® V-10 Touch. This process 

was repeated a total of three times to obtain a reaction buffer with 99.9% D2O. The buffer was 

adjusted to pD 7.4 (pD = pH meter reading + 0.4 to correct for the acidity of the pH electrode) 

using sodium deuteroxide.3 All enzymes were exchanged into the D2O-based buffer a total of five 

times using centrifugal filters (Amicon Ultra).  

Reactions were set up in a final volume of 200 µL following the conditions described 

below. Reactions were pre-incubated at 30°C for 5 min and initiated by addition of 2.5 mM 

NADPH. Fixed substrate concentrations were used. Reactions were quenched with methanol by 

removing 25 µL at 6 different time points and dispensing the aliquot into 25 µL of methanol. 

Quenched reactions were centrifuged for 10 min at 4°C and the supernatant analyzed by HPLC 

using 354 nm UV detection and the following conditions: (A = H2O + 0.1% FA, B = MeCN + 

0.1% FA): 10% B for 2 min, 10-85% B over 15 min, 100% B for 4 min, 10% B for 2 min; flow 

rate 0.2 mL/min; injection volume 10 µL. GraphPad Prism software was used to plot the product 

concentration against time to obtain the initial velocities (V0). The Kh (in H2O-based buffer) and 

Kd (in D2O-based buffer) values were obtained by dividing V0 by enzyme concentration. The SKIE 

values were calculated using Equation 2. All reactions were performed and analyzed in duplicate. 

Standard curves of products were run simultaneously and fitted to a linear curve.  
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Equation 2 
 

𝑆𝐾𝐼𝐸:	
𝐾!	(µM	prod/µM	P450/min)
𝐾#	(µM	prod/µM	P450/min)

 

 

For reactions with TamI WT and tirandamycin C substrate: 

0.05 µM P450, 1 µM ferredoxin, 0.15 µM ferredoxin reductase, 32 µM substrate, 2.5 mM NADP  

For reactions with TamI T252A_T253A and tirandamycin C substrate: 

0.1 µM P450, 2 µM ferredoxin, 0.3 µM ferredoxin reductase, 64 µM substrate, 2.5 mM NADPH 

For reactions with TamI L295A and tirandamycin C substrate: 

0.5 µM P450, 10 µM ferredoxin, 1.5 µM ferredoxin reductase, 96 µM substrate, 2.5 mM NADP  

For reactions with TamI T252A_T253A_L295A and tirandamycin C substrate: 

0.5 µM P450, 10 µM ferredoxin, 1.5 µM ferredoxin reductase, 160 µM substrate, 2.5 mM NADPH 

For reactions with TamI L295A and tirandamycin L substrate: 

0.4 µM P450, 8 µM ferredoxin, 1.2 µM ferredoxin reductase, 60 µM substrate, 2.5 mM NADPH 

For reactions with TamI T252A_T253A_L295A and tirandamycin L substrate: 

0.4 µM P450, 8 µM ferredoxin, 1.2 µM ferredoxin reductase, 60 µM substrate, 2.5 mM NADPH 

B.4.7 Determination of NADPH consumption rate, turnover frequency (TOF) and coupling 

efficiency (%) 

Analytical enzymatic reactions were carried out in a clear Greiner 384-deep well plate 

following the conditions described below. All components (except for NADPH) were mixed 

together in a total volume of 50 µL. Reactions were incubated for 5 min at RT prior initiation with 

500 µM NADPH using a multichannel pipette. The absorbance at 340 nm was monitored over 10 

min (15 s intervals) using a SpectraMax M5 Microplate Reader (Molecular Devices). The plate-

reading chamber was kept at 30 °C for the duration of the experiment. Raw absorbance values 

were converted to NADPH concentration using ε340 = 6.22 mM-1cm-1 and pathlength = 0.3542 

cm. Initial velocity rates of NADPH consumption were obtained by plotting NADPH 

concentration as a function of time within the linear range (5-10 min). Normalized rates were 
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calculated by subtracting the measured value of the reaction buffer and dividing the resulting 

numbers by the enzyme concentration. The data was fitted to a linear equation from which the 

initial velocity rates (Vo) for NADPH consumption per minute were obtained. All reactions were 

performed and analyzed in duplicate. After the absorbance values were recorded, reactions were 

immediately quenched with 50 µL methanol and centrifuged for 10 min at 4°C. The supernatant 

was analyzed via HPLC using the following conditions (A = H2O + 0.1% FA, B = MeCN + 0.1% 

FA): 10% B for 2 min, 10-85% B over 15 min, 100% B for 4 min, 10% B for 2 min; flow rate 0.2 

mL/min; injection volume 10 µL. TOF values were determined by evaluating the areas of HPLC 

peaks corresponding to products formed. Standard curves were run simultaneously and fitted to a 

linear curve. The resulting values were divided by enzyme concentration and time of reaction in 

minutes. The coupling efficiency for each enzyme and substrate combination was calculated using 

Equation 1. 

Equation 1 
 

𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	(%): C
TOF	(µM	product	formation/µM	P450/min)

NADPH	consumption	rate	(µM	NADPH	consumed/µM	P450/min)R ∗ 100 

 

For reactions with TamI WT and tirandamycin C substrate: 

0.05 µM P450, 0.5 µM ferredoxin, 0.1 µM ferredoxin reductase, 32 µM substrate, 500 µM 

NADPH  

For reactions with TamI T252A_T253A and tirandamycin C substrate: 

0.1 µM P450, 1 µM ferredoxin, 0.2 µM ferredoxin reductase, 64 µM substrate, 500 µM NADPH 

For reactions with TamI L295A and tirandamycin C substrate: 

0.5 µM P450, 5 µM ferredoxin, 1 µM ferredoxin reductase, 96 µM substrate, 500 µM NADPH  

For reactions with TamI T252A_T253A_L295A and tirandamycin C substrate: 

0.5 µM P450, 5 µM ferredoxin, 1 µM ferredoxin reductase, 160 µM substrate, 500 µM NADPH 

For reactions with TamI L295A and tirandamycin L substrate: 

0.4 µM P450, 4 µM ferredoxin, 0.8 µM ferredoxin reductase, 60 µM substrate, 500 µM NADPH 

For reactions with TamI T252A_T253A_L295A and tirandamycin L substrate: 
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0.4 µM P450, 4 µM ferredoxin, 0.8 µM ferredoxin reductase, 60 µM substrate, 500 µM NADPH 

 

B.5 Computational Methods  

The coupling efficiency All geometry optimization calculations were conducted with 

Gaussian 164 with the uB3LYP-D3(BJ) functional5-8 and def2-SVP basis set9 with the SMD 

solvation model for diethylether.10 Frequency calculations were carried out in Gaussian 16 at the 

same level of theory as geometry optimization to verify stationary points. Single point calculations 

were computed in Gaussian 16 with the uB3LYP-D3(BJ) functional and def2-TZVPP basis set9 

with the SMD solvation model for diethylether. Conformational searches and preoptimizations 

were conducted with xTB/CREST.11-12 Quasiharmonic corrections to entropy and enthalpy were 

computed with GoodVibes at 1 M and 298.15 K.13 Visualizations of optimized structures were 

generated using CylView14 and PyMOL.15 Ferredoxin models were constructed per literature 

precedent from Presti et al.16 
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B.6 Supplemental Schemes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme B.1. DFT calculations on P450 TamI (peroxo-iron, shown as species E in Scheme 
3.1) and intermediates 7 and 7’. Energy values are in kcal/mol. Charge of complex for peroxo 
is -2. SP//OPT: B3LYP-D3(BJ)/def2-TZVPP, SMD(diethylether)//B3LYP-D3(BJ)/def2-SVP, 
SMD(diethylether). 

Scheme B.2.  DFT calculations on ferredoxin [Fe2S2] cluster model, showing charge 
−3/multiplicity 10 as representative structure. Structures of multiplicity 1, 5, 6, 9, 10, 11 were found 
to converge. Structures of multiplicity 2, 3, 4, 7, 8 did not converge. Qualitative agreement was found 
with Presti et al. that the 10-et and 11-et were lowest in energy of their respective charge series. Pairing 
10-et with superoxo-iron complex and 11-et with peroxo-iron complex permitted quantitative 
comparison. The lowest superoxo-iron complex (triplet) was found to be 1.7 kcal/mol higher in energy 
than the lowest peroxo-iron complex (doublet). Free energies (ΔG) are reported in kcal/mol; all −3 
complexes are relative to the 10-et, all −2 complexes are relative to the 11-et. SP//OPT: uB3LYP-
D3(BJ)/def2-TZVPP, SMD(diethylether)//uB3LYP-D3(BJ)/def2-SVP, SMD(diethylether). 
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Scheme B.3.  DFT calculations on P450 TamI (superoxo-iron, shown as species D in Scheme 3.1) 
and intermediate 7’. Free energies (ΔG) are reported in kcal/mol. Transition structure searches for the 
quintet were unsuccessful. Complex has charge −1. SP//OPT: uB3LYP-D3(BJ)/def2-TZVPP, 
SMD(diethylether)//uB3LYP-D3(BJ)/def2-SVP, SMD(diethylether). 

Scheme B.4.  DFT calculations on P450 TamI heme model (superoxo-iron, shown as species D in 
Scheme 3.1) and intermediate 7’. Barriers for initial hydrogen atom abstraction were found to be 
prohibitively high. Peroxo structures (species E, multiplicities 2/4) were also investigated but no 
converged transition structure geometries could be found. Free energies (ΔG) are reported in kcal/mol. 
Complex has charge −1. SP//OPT: uB3LYP-D3(BJ)/def2-TZVPP, SMD(diethylether)//uB3LYP-
D3(BJ)/def2-SVP, SMD(diethylether). 
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Scheme B.6.  DFT calculations on P450 TamI heme model (Cpd I, shown as species G in Scheme 
3.1) and intermediate 7’. Free energies (ΔG) are reported in kcal/mol. SP//OPT: uB3LYP-
D3(BJ)/def2-TZVPP, SMD(diethylether)//uB3LYP-D3(BJ)/def2-SVP, SMD(diethylether). 

Scheme B.5.  DFT calculations on P450 TamI heme model (Cpd I, shown as species G in Scheme 
3.1) and intermediate 7. Energy values are in kcal/mol. Charge of complex for superperoxo is -1. 
SP//OPT: B3LYP-D3(BJ)/def2-TZVPP, SMD(diethylether)//B3LYP-D3(BJ)/def2-SVP, 
SMD(diethylether). 
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B.7 Supplemental Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table B.1.  Substrate binding analysis of P450 TamI with different tirandamycin substrates. 
Equilibrium dissociation constant values (Kd) represented in μM. Reported errors are standard deviations 
calculated from experiments performed in duplicate. NS refers to no apparent shift observed in 
differential spectrum upon substrate titration to P450, even at substrate saturation levels. The binding 
affinity of TamI L295A with tirandamycin M (7) was also measured but no spin shift (NS) was observed. 
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Table B.2.  Determination of turnover frequency (TOF), coupling efficiency (%) and NADPH 
consumption rate. Coupling efficiency was calculated by dividing TOF over NADPH consumption rate 
values as described in Methods. Experiments were run in duplicate. 
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B.8 Supplemental Figures 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.1. Molecular Dynamics simulations of TamI variants and tirandamycin congeners1 
where C11/12 alkene epoxidation takes place. (A-B) Two different views of variant TamI 
L101A_L295I in complex with 1 (light blue) emphasizing the orientation of the C11/12 alkene in the 
substrate towards the heme iron (light grey). Black arrows show the orientation of the C11/12 π-orbitals. 
Enzymatic assays show conversion of 1 à 6 (epoxide-containing) and 8 with this double mutant. (C-D) 
Two different views of TamI WT in complex with 3 (yellow). Enzymatic assays show conversion of 3 
à 4 (epoxide-containing) with the WT enzyme. 
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Figure B.2. Additional end-point assays with TamI mutants and 1. Mutants T252A and 
T252A_T253A were designed to test the effect of interrupting the conserved alcohol residue in the 
P450 TamI without the L295A variation present. Ratios of product formation were estimated based on 
HPLC traces. Compared to WT, similar conversion is observed for T252A while the double mutant 
T252A_T253A displays diminished yields. The data could suggest that the presumed accumulated Cpd 
0 species may be a viable oxidant for the oxidative reactions observed, however, previous literature 
demonstrates Cpd 0 is a poor electrophilic oxidant for hydroxylation reactions compared to Cpd I. 
These results indicate that the conserved alcohol is not essential for TamI catalysis related to allylic 
hydroxylation. 
 

Figure B.3. Hydrogen peroxide formation in TamI-catalyzed reactions. Exact values are shown 
to the right of bar graphs. Substrates are displayed above each graph. Experiments were performed 
in duplicate. 
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Figure B.4. TamI reactions supplemented with Reactive Oxygen Species (ROS) scavengers. 
To a typical TamI reaction (see Methods), 20 U bovine liver catalase, 2 U SOD from bovine 
erythrocytes, 20 mM ascorbate and the combination of these three ROS scavengers were added 
and the reaction was run for 30 min prior quenching. Control reactions did not include ROS 
scavengers. Substrates are shown above each bar graph. The error bars represent the standard 
deviation of experiments performed in duplicate. 
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Figure B.6. TamI reactions with tirandamycin L (6) substrate and supplemented with 
Reactive Oxygen Species (ROS) scavengers in a dose-dependent manner. Experiments were 
performed in duplicate. 
 

Figure B.5. TamI reactions with tirandamycin C (1) substrate and supplemented with 
Reactive Oxygen Species (ROS) scavengers in a dose-dependent manner. Experiments were 
performed in duplicate. 
 



 

 217 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.7. Additional TamI-catalyzed oxidations via peroxide shunt pathway. Reactions were initiated 
with increasing concentrations of H2O2 and run for 30 min unless otherwise stated. Substrate is shown above 
bar graphs. These results indicate that TamI WT and T252A_T253A are capable of accepting H2O2 as as a 
cosubstrate for oxidative transformations.  
 
 
 



 

 218 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.8. End-point assays with P450 TamI mutants and tirandamycin C (1) substrate initiated 
with iodosobenzene. LC-MS traces are extracted at 354nm, signature UV of tirandamycin. Authentic 
standards include tirandamycin C, E, D, A, B, L, M, N, O and O’ (lanes 2-10). Left panel: control 
reactions using P450, ferredoxin, ferredoxin reductase and NADPH as described in Methods (lanes 11-
15). Right panel: test reactions using P450 and 2mM iodosobenzene as described in Methods (lanes 11-
16); Lane 16 in right panel refers to an additional control reaction incubating the substrate with 
iodosobenzene only. 
 
 

Control reactions Iodosobenzene-initiated reactions 
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Figure B.9. End-point assays with P450 TamI mutants and tirandamycin L (6) substrate initiated 
with iodosobenzene. LC-MS traces are extracted at 354nm, signature UV of tirandamycin. Authentic 
standards include tirandamycin C, E, D, A, B, L, M, N, O and O’ (lanes 2-10). Left panel: control 
reactions using P450, ferredoxin, ferredoxin reductase and NADPH as described in Methods (lanes 11-
15). Right panel: test reactions using P450 and 2mM iodosobenzene as described in Methods (lanes 11-
16); Lane 16 in right panel refers to an additional control reaction incubating the substrate with 
iodosobenzene only. 
 
 

Control reactions Iodosobenzene-initiated reactions 
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Figure B.10. End-point assays with P450 TamI mutants and tirandamycin C (1) substrate initiated 
with NADPH versus H2O2. LC-MS traces are extracted at 354nm, signature UV of tirandamycin. Authentic 
standards include tirandamycin C, E, D, A, B, L, M, N, O and O’ (lanes 2-10). Left panel: control reactions 
using P450, ferredoxin, ferredoxin reductase and NADPH as described in Methods (lanes 11-15). Right 
panel: test reactions using P450 and 100mM H2O2 as described in Methods (lanes 11-16); Lane 16 in right 
panel refers to an additional control reaction incubating the substrate with H2O2 only. 
 
 

Control reactions H2O2-initiated reactions 
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Figure B.11. End-point assays with P450 TamI mutants and tirandamycin L (6) substrate 
initiated with NADPH versus H2O2. LC-MS traces are extracted at 354nm, signature UV of 
tirandamycin. Authentic standards include tirandamycin C, E, D, A, B, L, M, N, O and O’ (lanes 2-10). 
Left panel: control reactions using P450, ferredoxin, ferredoxin reductase and NADPH as described in 
Methods (lanes 11-15). Right panel: test reactions using P450 and 100mM H2O2 as described in 
Methods (lanes 11-16); Lane 16 in right panel refers to an additional control reaction incubating the 
substrate with H2O2 only. 
 
 

Control reactions 
H2O2-initiated reactions 
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H2O2-initiated reactions 

Control reactions 

Figure B.12. End-point assays with P450 TamI WT and other various tirandamycin substrates 
initiated with NADPH versus H2O2. LC-MS traces are extracted at 354nm, signature UV of 
tirandamycin. Authentic standards include tirandamycin C, E, D, A, B, L, M, N, O and O’ (lanes 2-10). 
Left panel: control reactions using P450, ferredoxin, ferredoxin reductase and NADPH as described in 
Methods (lanes 11-16). Right panel: test reactions using P450 and 100mM H2O2 as described in Methods 
(lanes 11-16); Lanes 17-22 in right panel refer to additional control reactions incubating the substrate 
with H2O2 only. 
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Control reactions H2O2-initiated reactions 

Figure B.13. End-point assays with P450 TamI L295A and various tirandamycin substrates 
initiated with NADPH versus H2O2. LC-MS traces are extracted at 354nm, signature UV of 
tirandamycin. Authentic standards include tirandamycin C, E, D, A, B, L, M, N, O and O’ (lanes 2-
10). Left panel: control reactions using P450, ferredoxin, ferredoxin reductase and NADPH as 
described in Methods (lanes 11-16). Right panel: test reactions using P450 and 100mM H2O2 as 
described in Methods (lanes 11-16). 
 
 



 

 224 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.14. Endpoint assays with TamI L295A. Analytical enzymatic reactions with TamI L295A 
and various tirandamycin substrates are shown in lanes 11-16. Reactions were run using standard 
conditions, with the exception of lanes 14 and 16 where 8μM P450 was used instead to assess the effect 
of increased P450 catalyst loading in product formation. No enzyme control reactions are shown in lanes 
17-20. LC-MS traces are extracted at 354nm, the signature UV of tirandamycin. Authentic standards 
include tirandamycin C, E, D, A, B, L, M, N and O (lanes 2-10). 
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Figure B.15. Uncatalyzed hydration of congeners 7 and 7’ epoxides. Congener epi-tirandamycin M 
(7’) exhibits internal hydrogen bond from hydroxyl to epoxide, activating the epoxide for opening. 
SP//OPT: uB3LYP-D3(BJ)/def2-TZVPP, SMD(diethylether)//uB3LYP-D3(BJ)/def2-SVP, 
SMD(diethylether). 
 
 

Figure B.16. Equilibrium dissociation constant binding curves for TamI WT and mutants with 
tirandamycin C (1). Titrations were stopped when no further spectral shift occurred even upon further 
addition of substrate. For Kd values refer to table S1. 
 



 

 226 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.17. Oxidized spectra for P450 TamI and variants. Measurements were taken using 1 μM 
P450 in storage buffer.  
 
 

Figure B.18. CO difference spectroscopy for TamI mutants. Spectra of sodium dithionite reduced 
proteins are shown in blue, and CO-bound reduced forms are shown in orange. 
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APPENDIX C: 
Experimental Procedures and Supplemental Information for Chapter 4 

 
 

C.1 Materials and General Methods 

Media components, chemical reagents and solvents were purchased from Thermo Fisher 

Scientific, Sigma-Aldrich and Chem-Impex International unless otherwise stated. Chemical 

reactions were conducted in flame-fried glassware with magnetic stirring unless otherwise stated. 

Reaction temperature conditions were adjusted and controlled using an IKA RCT stir plate with 

ETS-D5 electronic contact thermometer. Solvents were purified under an atmosphere of dry 

nitrogen using a solvent purification system (Innovative Technology, Inc., Model #SPS‐ 400‐ 3 

and PS‐ 400‐ 3). Analytical-scale thin layer chromatography (TLC) was completed using SiliaPlate 

TLC 60Å F-254 (250 μm silica gel). Ceric ammonium molybdate or aqueous KMnO4 stain were 

used for compound visualization. SiliaFlash® P60 (230‐ 400 mesh) silica gel was used to perform 

flash column chromatography. High-resolution ESI-MS spectra was acquired and performed on a 

quadrupole time-of-flight spectrometer (Agilent Q-TOF 6500 series) using a XBridgeTM C18 3.5 

µm 50 mm column with a MeCN and H2O solvent system supplemented with formic acid (0.1% 

v/v). A Schimadzu analytical HPLC was used for analysis of analytical enzymatic reactions using 

the same column and solvent system.  

 

C.2 Synthesis of Tirandamycin Analogues 
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Scheme C.1, compound 20:  

Catalyst [Ir(cod)]Cl2 (5 mol%, 3 mg, 0.00447 mmol, 0.025 equiv), chiral ligand (10 mol%), and 

CS2CO3 (11.65 mg, 0.03576 mmol, 0.2 equiv) were mixed in a flame-dried pressure tube in the 

glovebox.1 (4S)-(+)-4-(2-Hydroxyethyl)-2,2-dimethyl-1,3-dioxolane (18, 25.4 uL, 0.1784 mmol, 

1.0 equiv), THF (0.45 mL) and 4-chloro-3-nitrobenzoic acid (3.6 mg, 0.01788 mmol, 0.1 equiv) 

were pre-mixed and added under nitrogen, followed by allyl acetate (96.4 uL, 0.8935 mmol, 5 

equiv). Reaction tube was sealed and heated at 100°C in a digital dry bath heater and run for 72 

hours. Reaction mixture was allowed to cool to room temperature and diluted with DCM (0.66 

mL) prior filtering through celite. The crude mixture was concentrated in vacuo to yield a brown 

oil that was subjected to flash chromatography (EtOAc:hexanes 1:4) to give desired product. The 

spectra matched that of previous reports.2 Refer to Table C.1. below for optimization conditions 

and a list of chiral ligands used. 

 

 

 

 

 

Scheme C.2, compound 30:  

Reaction 1: Sodium hydride (60% dispersion in mineral oil, 0.6523 g, 27.1819 mmol, 1.2 equiv) 

was suspended in THF (141.62 mL) in a flame-dried glass vial at 0°C under nitrogen. Triethyl 

phosphonoacetate (5.39 mL, 27.1819 mmol, 1.2 equiv) was added slowly with a syringe over 5-

10 min at 0°C. Reaction was stirred for 30 min at 0°C (suspension turns clear). Separately, freshly 

distilled sorbaldehyde (distilled at 69°C, 20 torr; 2.5 mL, 22.6516 mmol, 1 equiv) was suspended 

in THF (42.47 mL) in a flame-dried glass round bottom flask at 0°C under nitrogen, and added 

dropwise at 0°C to the reaction mixture. The reaction was allowed to warm to room temperature 

and stirred for 16 hours. Upon completion, the reaction was quenched by dropwise addition of 

NH4Cl (saturated aq.) until bubbling subsided. The resulting solution was mildly acidified to pH 

4-5, diluted with water and extracted with Et2O. The organic extracts were combined, washed with 

brine, dried over MgSO4 and concentrated in vacuo. The crude mixture was subjected to flash 
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chromatography (EtOAc:hexanes 1:5) to give the ester version of the product as a colourless 

liquid.3 

Reaction 2 (hydrolysis): The ester (1.3 g, 7.8209 mmol, 1 equiv) was suspended in a mixture of 

THF:H2O (3:2) in a flame-dried glass round bottom flask prior adding lithium hydroxide 

(anhydrous; 2.847g, 118.877 mmol, 15.2 equiv). The reaction mixture was stirred for 72 hours at 

room temperature. The reaction was acidified with HCl (aq) to reach a pH of 2-3, diluted with H2O 

and extracted with CHCl3.4 The organic layers were combined, dried over MgSO4 and 

concentrated in vacuo. The crude reaction mixture (orange solid) was crystallized with CHCl3 and 

minimal EtOAc, followed by sublimation at 150°C to give the desired carboxylic acid product 

(20:1 E:Z) as a solid white powder. The spectra matched that of previous reports.3 

 

 

 

 

 

Scheme C.3, compound 25:  

Reaction 1: Cyclopentanone (35, 1.28 mL, 14.5341 mmol, 1 equiv) was suspended in a solution 

of THF (122.24 mL) containing triethyl 4-phosphonocrotonate (36, 7.09 mL, 31.9706 mmol, 2.2 

equiv), lithium hydroxide (anhydrous; 1.3415g, 31.9706 mmol, 2.2 equiv) and molecular sieves 

(4Å, 4-8 mesh) in a flame-dried glass round bottom flask under nitrogen. The reaction was heated 

at reflux (66 °C) for 13 hours. Upon completion, the reaction was filtered through a short plug of 

silica, eluted with Et2O and concentrated in vacuo.5 The crude reaction mixture (dark yellow oil) 

was purified using flash chromatography (EtOAc:hexanes 1:9) to give the desired ester version of 

the product (only E isomer obtained as observed by H-NMR).  

Reaction 2 (hydrolysis): The ester (74 mg, 0.4105 mmol, 1 equiv) was suspended in a solution of 

H2O/MeOH (2:1; 7.27 mL:3.65 mL) containing sodium hydroxide (1.1196 g, 27.9972 mmol, 68 

equiv) in a flame-dried glass round bottom flask. The reaction was refluxed (85°C) for 45 min 

under nitrogen. Upon completion, the reaction was cooled to room temperature, diluted with brine 

and extracted with Et2O. The aqueous layer was acidified with 10% HCl and extracted with 
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EtOAc.6 The organic layers were combined, washed with brine, dried over MgSO4 and 

concentrated in vacuo. The crude reaction mixture was purified using flash chromatography 

(EtOAc:hexanes 1:2) to yield the desired product as a white solid.  

1H NMR (500 MHz, CDCl3): δ 7.53 (dd, J = 15.2, 11.7 Hz, 1H), 6.13 (d, J = 11.8 Hz, 1H), 5.71 

(d, J = 15.3 Hz, 1H), 2.50 (t, J = 7.6 Hz, 2H), 2.41 (t, J = 7.8 Hz, 2H), 1.75 (q, J = 6.9 Hz, 2H), 

1.70 (q, J = 6.9 Hz, 2H). 

13C NMR (500 MHz, CDCl3): δ 172.7, 160.8, 144.8, 119, 116.6, 34.8, 30.2, 26.1, 25.8 

 

 

Scheme C.4, compound 33:  

Dry carboxylic acid (25, 86.4 mg, 0.7703 mmol, 1.70 equiv) was added to a flame-dried round 

bottom flask containing toluene (25.1 mL), N, N-diisopropylethylamine (DIEA; 641.1 uL, 3.6807 

mmol, 8.10 equiv), 2, 4, 6-trichlorobenzoic acid (TCBC; 290.1 uL, 1.8565 mmol, 4.09 equiv) and 

4-dimethylaminopyridine (DMAP; 227 mg, 1.8565 mmol, 4.09 equiv). The reaction was stirred 

for 20 min. Alcohol (23, 50 mg, 0.4539 mmol, 1 equiv) was added as a solution in toluene (22.6 

mL) and the reaction was stirred overnight (15 hours) at room temperature and protected from 

light. The reaction was quenched by adding saturated NaHCO3 until bubbling stopped and diluted 

with EtOAc.7 The organic layers were combined, washed with brine, dried with Na2SO4 and 

concentrated in vacuo. The crude reaction product was subjected to flash chromatography 

(EtOAc:hexanes 1:3) to yield the desired product.  

1H NMR (500 MHz, CDCl3): δ 7.45 (dd, J = 15.2, 11.6 Hz, 1H), 6.10 (dt, J = 11.7, 2.3 Hz, 1H), 

5.80 – 5.75 (m, 1H), 5.72 (s, 0H), 4.35 (t, J = 6.6 Hz, 1H), 4.31 – 4.24 (m, 1H), 4.23 – 4.15 (m, 

1H), 4.12 – 4.06 (m, 1H), 2.71 – 2.62 (m, 1H), 2.51 – 2.45 (t, 2H), 2.39 (t, J = 7.0 Hz, 2H), 2.00 – 

1.93 (m, 1H), 1.92 (s, 1H), 1.76 – 1.64 (m, 4H), 1.59 (s, 3H), 1.44 (s, 3H), 1.18 (d, J = 6.7 Hz, 1H). 
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13C NMR (500 MHz, CDCl3): δ 167.9, 159.9, 143.0, 128.4, 124.1, 119.4, 117.5, 95.9, 69.1, 67.2, 

66.5, 35.2, 32.7, 32.6, 30.5, 26.6, 26.3, 24.9, 18.9. 

HRMS (ESI+) m/z: [M+H]+ predicted for C19H26O4, 319.1904; found 319.1925 

 

 

 

 

 

 

Scheme C.5, compound 34:  

Dry carboxylic acid (30, 15 mg, 0.1086 mmol, 1.70 equiv) was added to a flame-dried round 

bottom flask containing toluene (3.5 mL), N, N-diisopropylethylamine (DIEA; 90.4 uL, 0.5188 

mmol, 8.10 equiv), 2, 4, 6-trichlorobenzoic acid (TCBC; 40.9 uL, 0.2617 mmol, 4.09 equiv) and 

4-dimethylaminopyridine (DMAP; 64 mg, 0.5234 mmol, 8.109 equiv). The reaction was stirred 

for 20 min. Alcohol (23, 11.79 mg, 0.0639 mmol, 1 equiv) was added as a solution in toluene (3.19 

mL) and the reaction was stirred overnight (15 hours) at room temperature and protected from 

light. The reaction was quenched by adding saturated NaHCO3 until bubbling stopped and diluted 

with EtOAc.7 The organic layers were combined, washed with brine, dried with Na2SO4 and 

concentrated in vacuo. The crude reaction product was subjected to flash chromatography 

(EtOAc:hexanes 1:4) to yield the desired product.  

1H NMR (500 MHz, CDCl3): δ 7.32-7.24 (m, 1H), 6.52 (dd, J = 14.9, 10.7 Hz, 1H), 6.25-61.7 

(m, 1H) 6.17-6.11 (m, 1H), 5.95 (dt, J = 14.9, 7.0 Hz, 1H), 5.86 (d, J = 15.3 Hz, 1H), 5.77 (d, J = 

4.4 Hz, 1H), 4.35 (t, J = 6.6 Hz, 1H), 4.27 (qd, J = 8.0, 6.7 Hz, 1H), 4.16, (m, 1H), 2.66 (d, J = 

19.8 Hz, 1H), 2.01-1.92 (m, 1H), 1.97 – 1.83 (m, 1H), 1.82 (d, J = 7.0 Hz, 3H), 1.68 – 1.56 (m, 

3H), 1.43 (d, J = 1.2 Hz, 3H), 1.17 – 1.11 (m, 1H) 

HRMS (ESI+) m/z: [M+H]+ predicted for C18H24O4, 305.1753; found 305.1775 
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Scheme C.6, compound 35: 

D-glucose (0.96 g, 5.36 mmol, 5.5 equiv) was added to a flame-dried round bottom flask 

containing H2O (9.75 mL) and Saccharomyces cerevisiae yeast (1.25 g). The reaction was stirred 

at 30 °C for 1 hr. Cyrene was added and the reaction was left stirring at room temperature for 24 

hrs. Dichloromethane was added to stop the reaction and the mixture was filtered and concentrated 

in vacuo prior extracting with EtOAc at pH 3-4. The crude product was purified using flash 

chromatography (EtOAc:hexanes 1:2) to yield the desired product as a clear oil. The spectra 

matched that of previous reports.8 

 

 

 

Scheme C.7, compound 36:  

Dry carboxylic acid (25, 15 mg, 0.1086 mmol, 1.70 equiv) was added to a flame-dried round 

bottom flask containing toluene (3.5 mL), N, N-diisopropylethylamine (DIEA; 90.4 uL, 0.5188 

mmol, 8.10 equiv), 2, 4, 6-trichlorobenzoic acid (TCBC; 40.9 uL, 0.2617 mmol, 4.09 equiv) and 

4-dimethylaminopyridine (DMAP; 64 mg, 0.5234 mmol, 8.109 equiv). The reaction was stirred 

for 20 min. Alcohol (35, 8.3 mg, 0.0639 mmol, 1 equiv) was added as a solution in toluene (3.19 

mL) and the reaction was stirred overnight (15 hours) at room temperature and protected from 

light. The reaction was quenched by adding saturated NaHCO3 until bubbling stopped and diluted 

with EtOAc.7 The organic layers were combined, washed with brine, dried with Na2SO4 and 

concentrated in vacuo. The crude reaction product was subjected to flash chromatography 

(EtOAc:hexanes 1:3) to yield the desired product.  
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1H NMR (500 MHz, CDCl3): δ 7.46 (dd, J = 15.2, 11.6 Hz, 1H), 6.09 (d, J = 11.8 Hz, 1H), 5.73 

(d, J = 15.0 Hz, 1H), 5.43 (s, 1H), 4.82 (dd, J = 10.9, 5.4 Hz, 1H), 4.54 (bs, 1H), 3.94 (d, J = 7.2 

Hz, 1H), 3.85 (t, J = 5.4 Hz, 1H), 2.49 (t, J = 7.5 Hz, 2H), 2.39 (t, J = 7.4 Hz, 2H), 2.03-1.01 (m, 

1H), 2.0-1.94 (m, 2H) 1.83-1.80 (m, 1H), 1.75-1.70 (m, 2H), 1.71-1.64 (m, 2H). 

13C NMR (500 MHz, CDCl3): δ 159.9, 167.0, 143.3, 119.0, 117.1, 100.6, 73.1, 70.9, 68.5, 34.8, 

30.2, 27.8, 25.9, 26.2, 22.0 

HRMS (ESI+) m/z: [M+H]+ predicted for C15H20O4, 265.1440; found 265.1438 

 

C.3 Protein Expression and Purification  

C.3.1 TamI protein expression and purification 

The pET28b_TamI plasmid previously generated9 was utilized to express N-terminally His-tagged 

TamI. E. coli BL21 (DE3) was transformed with the plasmid. Overexpression, protein purification 

and protein quantification were carried out exactly as previously described in Appendix A without 

any modifications.9 

C.3.2 Site-directed mutagenesis 

All single mutants were prepared with TamI wild-type as the template and the desired mutation as 

the primer using the Quikchange Lightning Site-Directed Mutagenesis Kit and protocol, and 

carried out exactly as previously described in Appendix A without any modifications.9 

 

C.4 Analytical Enzymatic Assays  

Reactions were performed in vitro in an analytical scale to a final volume of 100 µL of reaction 

buffer (50 mM NaH2PO4, pH 7.4 at RT) containing 200 µM substrate, 2 µM P450, 40 µM spinach 

ferredoxin, 6 µM spinach ferredoxin-NADP+ reductase, 5 mM G6P, 1 U/mL G6PDH and 1 mM 

NADP+. As negative controls, enzymes were omitted. Reactions were run for 2 h at 30°C, 

quenched by addition of 100 µL MeOH and centrifuged for 10 min at 4°C. The supernatant was 

analyzed by HPLC and LC-MS using 280 nm UV detection, positive/negative ion MS detection 

when applicable, and the following conditions (A = H2O + 0.1% FA, B = MeCN + 0.1% FA): 10% 

B for 2 min, 10-100% B over 15 min, 100% B for 4 min, 10% B for 2 min; flow rate 0.2 mL/min; 
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injection volume 10 µL for HPLC and 2 µL for LC-MS. All reactions were performed and 

analyzed in triplicate.  

 

C.5 Computational Methods 

C.5.1 MD Simulations: The heme iron(IV)-oxo complex involved in the cytochrome-catalyzed 

oxidative hydroxylation and epoxidation cycle (compound I) was used to model the active form of 

the cofactor. Simulations were performed using the GPU code (pmemd)4 of the Amber 12 

package, The Amber-compatible parameters developed by Cheatham et al. were used for 

compound I and its axial Cys ligand.10 Parameters for tirandamycin analogues were generated 

within the antechamber module using the general AMBER force field (gaff), with partial charges 

set to fit the electrostatic potential generated at the HF/6-31G(d) level by the RESP model. The 

charges were calculated according to the Merz−Singh− Kollman scheme using Gaussian 09. Each 

protein was immersed in a pre-equilibrated truncated cuboid box with a 10 Å buffer of TIP3P 

water molecules using the tleap module, resulting in the addition of around 11,370 solvent 

molecules. The systems were neutralized by addition of explicit counter ions (Na+ and Cl−). All 

subsequent calculations were carried out using the widely tested Stony Brook modification of the 

Amber 99 forced field (ff99sb). The substrate and enzyme were optimized for total 1,000,000 

steps, with 750,000 steepest descent steps and 250,000 conjugate gradient steps. The systems were 

gently heated using six 50 ps steps, incrementing the temperature by 50 K for each step (0−300 K) 

under constant volume and periodic-boundary conditions. Water molecules were treated with the 

SHAKE algorithm such that the angle between hydrogen atoms were kept fixed. Long-range 

electrostatic effects were modeled using the particle-meshEwald method. An 8 Å cutoff was 

applied to the LennardJones and electrostatic interactions. Harmonic restraints of 30 kcal/(mol Å2) 

were applied to the solute, and the Andersen equilibration scheme was used to control and equalize 

the temperature. The time step was kept at 1 fs during the heating stages, allowing potential 

inhomogeneities to self-adjust. Each system was then equilibrated for 2 ns with a 2 time step at a 

constant volume. Production trajectories were then run for an additional 1500 ns under the same 

simulation conditions. These experiments were carried out in a similar manner as those described 

in Appendix A.9 
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C.5.2 Molecular Docking: Docking experiments were performed using the AutoDock Tools 

(ADT) 4.0.11 Genetic algorithms were utilized to identify the preferred protein-substrate (receptor-

ligand) binding conformation.  

Receptor: The substrate-bound crystal structure of P450 TamI and tirandamycin C was 

used as the receptor after deleting the tirandamycin substrate from the crystal structure. Hydrogens 

were added in ADT. 

Ligand: The 3D structures were built using Chem3D, their energy minimized, and the files 

converted into .pdb format. ADT added and merged hydrogens, and computed Gasteiger charges 

for the entire ligand. ADT identified a root position in the ligand (atom with the smallest largest 

sub-tree) and chose points of torsion (which bonds could be rotated).  

Grid parameters file: The grids were selected as such that they include the conserved 

active-site regions of the P450 enzyme, while allowing the ligand to freely rotate inside the grid.  

Docking parameters file: The dpf file included docking parameters and instructions for a 

Lamarckian Genetic Algorithm (LGA) docking. Modeling of P450 TamI and ligands was repeated 

with 100 generations in each run to improve precision and accuracy in the results obtained. The 

receptor-ligand interactions were analyzed in relation to their binding energy (kcal/mol) and 

inhibition constant (µM). The number of hydrogen bonding interactions observed with 

surrounding active site amino acids was also considered. A picture of the most preferred docked 

conformations was obtained using PyMOL.  
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C.6 Supplemental Schemes 

 

 

 

C.6 Supplemental Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme C.8. First-generation total synthesis of a tirandamycin bicyclic analogue. For a description of 
reaction conditions, refer to Stachowski et al. 
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C.7 Supplemental Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C.1. Asymmetric allylation optimization.  

10 mol% catalyst 
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C.8 Supplemental Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1. Substrate engineering strategy to expand the substrate scope of P450 TamI.  

Figure C.2. Computational docking of simplified synthetic anchors. The carboxylic acid-containing anchors 
coupled to the hydroxyl-containing tirandamycin bicyclic analogue (refer to Scheme 4.3 for an example) were 
docked into P450 TamI. The most occupied and lowest binding affinity poses are displayed above. 
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Figure C.3. Enzymatic reactions with synthetic substrate 36. Lanes 1-2 show the LCMS traces (extracted at 
280 nm) of the enzymatic reactions with substrate 36 and TamI enzymes. Lane 3 includes the authentic standard 
for the substrate. No oxidative reactivity was identified with substrate 36 and any of the TamI enzymes.  
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Figure C.4 Compound characterization – Compound 20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1H spectrum of Compound 20 (500 MHz, CDCl3).  
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13C spectrum of Compound 20 (500 MHz, CDCl3).  
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Figure C.5 Compound characterization – Compound 25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1H spectrum of Compound 25 (500 MHz, CDCl3).  
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 13C spectrum of Compound 25 (500 MHz, CDCl3).  
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Figure C.6 Compound characterization – Compound 30 
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1H spectrum of Compound 30 (500 MHz, MeOD).  
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13C spectrum of Compound 30 (500 MHz, MeOD).  
 



 

 248 

Figure C.7 Compound characterization – Compound 33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1H spectrum of Compound 33 (500 MHz, CDCl3).  
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13C spectrum of Compound 33 (500 MHz, CDCl3).  
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Figure C.8 Compound characterization – Compound 34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1H spectrum of Compound 34 (500 MHz, CDCl3).  
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Figure C.9 Compound characterization – Compound 35  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1H spectrum of Compound 35 (600 MHz, CDCl3).  
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 13C spectrum of Compound 35 (600 MHz, CDCl3).  
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Figure C.10 Compound characterization – Compound 36 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1H spectrum of Compound 36 (600 MHz, CDCl3).  

0
.0

0
.5

1.0
1.5

2.0
2.5

3.0
3.5

4
.0

4
.5

5
.0

5
.5

6
.0

6
.5

7.0
7.5

8
.0

8
.5

C
hem
ical	shift	(ppm

)

OO

O
O

36 



 

 254 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

13C spectrum of Compound 36 (600 MHz, CDCl3).  
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APPENDIX D: 
Experimental Procedures and Supplemental Information for Chapter 5 

  
  

D.1 Boiling River Expedition 

D.1.1 Sample collection 

          A total of 114 sediment-containing samples were collected, processed and analyzed for 

this study. Six samples were collected at each sampling station, with a total of 19 stations included. 

Samples were collected by Rosa Vásquez Espinoza, Felipe Huanachín Carahuanco (UNALM, 

Laboratory of Mycology and Biotechnology) and Dr. David H. Sherman in August of 2019 with 

all the collection permits necessary1 as described in Chapter 5 section 5.2.2. Refer to Table 5.1 for 

details on the unique sample ID codes and sampling station names. Refer to Figure D.12 for high-

quality aerial photos of each station. Refer to Table D.5 for GPS coordinates for each station.  

D.1.2 Physicochemical parameters  

         See Table 5.1 in Chapter 5 for environmental data most closely associated with each sample 

including temperature (°C), pH and electrical conductivity. Hach 40d, YSI63 and YSIProPlus 

multimeters were used to obtain the physicochemical parameters of the local waters. The values 

included in Table 5.1 refer to data collected between 2014-2019 by Andrés Ruzo (Boiling River 

Project and Southern Methodist University). Where corresponding chemical data was not available 

for the 2019 field season, archival water quality data is used as a best-fit reference measurement. 

In situ water temperatures were measured using a FLIR E95 thermal camera. For associated pH 

and electrical conductivity (uS/cm), water from each station was allowed to cool down prior 

measurement to ensure proper functioning of the equipment. All instruments used for 

measurements were properly calibrated prior to use in the field. An in-depth discussion on these 

measurement tools, calibrations and year-by-year measurements at the Boiling River site can be 

found in Ruzo et al., in progress.2 

 D.1.3 GPS coordinates collection 
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Field methods using GPS coordinates to identify the station locations and unique sample 

sites proved totally ineffective and unusable due to significant GPS measurement error. In order 

to correct this, all Boiling River stations and sample sites were site-calibrated to a high-accuracy 

base map created from multiple drone campaigns by the Boiling River Project. To ensure the 

accuracy of each location used in this study, each site was individually located and referenced on 

the Boiling River Project base map, using site descriptions and photographs. The resultant map 

provides locations accurate to within ± 3 m of their absolute position on the World Geodetic 

System (WGS 1984), and with < 1 m accuracy in relation to one another. A full description of the 

base map can be found in Ruzo et al., in progress.2 

 

D.2 Metagenomics Methods 

D.2.1 Isolation of purified mixed DNA 

The DNeasy PowerSoil Kit (Qiagen) was used for total DNA extraction. The 

manufacturer’s instructions were followed with minor modifications. Approximately 250-300 mg 

of environmental sample were added to the PowerBead Tube provided containing 75 µL of 

solution C1. Samples were vortexed for a total of 8 min (1 min on, 30 sec off), centrifuged at 10, 

000 x g for 30 sec and transferred to a clean collection tube. A total of 300 µL of solution C2 were 

added, sample was vortexed for 5 sec and incubated at 4 °C for 5 min. Sample was centrifuged for 

1 min at 10, 000 x g, and the supernatant was transferred to a clean collection tube containing 250 

µL of solution C3. Tube was vortexed for 5 sec and incubated at 4 °C for 5 min. Sample was 

centrifuged for 1 min at 10, 000 x g, and the supernatant was transferred to a clean collection tube 

containing 1200 µL of solution C4. Tube was inverted twice for gentle mixing. 700 µL of sample 

were loaded on a MB spin column followed by centrifugation at 10, 000 x g for 1 min. The flow-

through was discarded, and this process was repeated until all sample was processed. Sample was 

washed with 550 µL of solution C5 and centrifuged for 30 sec at 10, 000 x g. After discarding the 

flow-through, sample was centrifuged once more at 10, 000 x g for 1 min to ensure solution C5 is 

completely removed. 40 µL of autoclaved H2O were added to the column, sample was incubated 

at room temperature for 15-20 min (to maximize recovery) and centrifuged for 30 sec at 10, 000 x 

g. This elution step was repeated twice, and the resulting DNA samples were combined for 
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quantification and quality control using a Nanodrop ND-1000 spectrophometer. Samples were 

stored at – 80 °C. 

D.2.2 Sequencing library preparation (16S rRNA) and Illumina MiSeq Sequencing 

         The 16S rRNA gene next generation sequencing library preparations and Illumina MiSeq 

sequencing were conducted at GENEWIZ, Inc. (South Plainfield, NJ, USA). The sequencing 

library was prepared using a MetaVx™ 16S rRNA Library Preparation kit (GENEWIZ, Inc., South 

Plainfield, NJ, USA). Briefly, the DNA was used to generate amplicons that cover V3 and V4 

hypervariable regions of bacteria and archaea16S rRNA. Indexed adapters were added to the ends 

of the 16S rRNA amplicons by limited cycle PCR. Pooled DNA libraries were validated and 

quantified before loading. The pooled DNA libraries were loaded on an Illumina MiSeq instrument 

according to manufacturer’s instructions (Illumina, San Diego, CA, USA). The samples were 

sequenced using a 2x 250 paired-end (PE) configuration. Image analysis and base calling were 

conducted by the Illumina Control Software on the Illumina instrument. Raw sequence data (.bcl 

files) generated from Illumina HiSeq was converted into FASTQ files after removing primers and 

de-multiplexed using Illumina's bcl2fastq 2.17 software. 

D.2.3 Sequence analyses and taxonomic assessment 

         In collaboration with Felipe Huanachín Carahuanco in the Laboratory of Mycology and 

Biotechnology at UNALM (Perú), a DADA2/QIIME2 bioinformatic pipeline was established to 

quality-filter, denoise, generate Amplicon Sequence Variants (ASVs), and assign taxonomy. 

Felipe developed a private Google cloud environment consisting of 16 CPU that could support the 

bioinformatic pipeline for metagenomic analyses. Demultiplexed sequences were imported into 

QIIME2 in the CASAVA format (1_01_L001_R1_001.fastq) and visualized using 

view.qiime2.org (.qzv file). We investigated and compared the optimal parameters for sequence 

denoising using data quality profiles and DADA2 and found that truncating reads at positions 247 

(forward) and 238 (reverse) allowed the removal of low-quality sequences while maintaining 

sufficient length to overlap and merge matching F/R paired-end reads with a high sequence quality 

score (Q-value: 37). Denoising using DADA2 includes quality-based filtering, sequence inferring 

and merging, and chimeral removal. This allows for computational detection and correction of any 

error in the Illumina amplicon’s nucleotide sequence by correcting sample sequences and resolving 

differences (down to a single nucleotide) using the error rates estimated by the DADA2 algorithm 
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based on the input sequences. This limits the number of false or low-quality sequences that gets 

incorporated in the outcome read. The “classify-sklearn” command (scikit-learn 0.23.1) was used 

to assign taxonomy to each ASV using the Silva SSU 138.1 bacterial reference database3 and a 

99% identity cutoff. 

D.2.4 Statistical analyses 

         Statistical analyses were performed in QIIME2, R (version 4.0.1) and RStudio (version 

1.3.959) including alpha diversity metrics (within-sample comparison; observed features and 

Shannon index) and beta diversity metrics (between-sample analysis; unweighted UniFrac 

distances). Permutational Multivariate Analysis of Variance (PERMANOVA) were performed 

with an adjusted p-value and 999 permutations. Rarefaction curves were constructed with QIIME2 

at the 99% similarity level. The nonparametric Kruskal-Wallis test was used to measure microbial 

evenness. 

  

D.3 Supplemental Schemes 

 

 

 

Scheme D.1.  Denoising procedure using DADA2. The steps required for sequence denoising 

using DADA2/QIIME 2 are shown. 
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D.4 Supplemental Tables 

Sample ID Station ID Station Name Station Coordinates 

P5, P3, P10, P9, P6, P4 1BR Poza Las Cortinas 
8°48'52.25"S, 74°44'9.89"W // 8°48'51.53"S, 74°44'8.63"W //  

8°48'52.88"S, 74°44'7.75"W //  8°48'53.60"S, 74°44'9.07"W 

P148, P194, P195, P184, P11, P152 2BR Escaleras del Kakataibo 
8°48'55.55"S, 74°44'8.31"W //  8°48'54.89"S, 74°44'7.32"W //  

8°48'55.85"S, 74°44'6.40"W //  8°48'56.66"S, 74°44'7.37"W 

P108, P128, P138, P139, P166, P140 3BR Tambos Yacumama 
8°48'58.73"S, 74°43'57.95"W //  8°48'57.63"S, 74°43'58.17"W //  

8°48'57.57"S, 74°43'56.68"W //  8°48'58.72"S, 74°43'56.50"W 

P104, P110, P461, P426, P123, P105 4BR Yacumama & Paredes Fumonas 
8°48'58.71"S, 74°43'56.00"W //  8°48'57.57"S, 74°43'56.22"W //  

8°48'57.59"S, 74°43'54.35"W //  8°48'58.69"S, 74°43'54.29"W 

P87, P91, P94, P100, P96, P98 5BR Plaza de las Fallas & KM 6 
8°48'58.11"S, 74°43'52.37"W //  8°48'57.27"S, 74°43'52.25"W //  

8°48'57.53"S, 74°43'51.23"W //  8°48'58.29"S, 74°43'51.43"W 

P72, P74, P462, P75, P79, P81 6BR Poza Escalera de Raíces 
8°48'59.26"S, 74°43'50.60"W //  8°48'58.13"S, 74°43'50.46"W //  

8°48'58.32"S, 74°43'49.14"W //  8°48'59.53"S, 74°43'49.28"W 

P62, P63, P64, P65, P66, P68 7BR Poza Dos Cataratas 
8°48'59.46"S, 74°43'48.38"W //  8°48'58.38"S, 74°43'48.55"W //  

8°48'58.12"S, 74°43'47.38"W //  8°48'59.15"S, 74°43'47.14"W 

P42, P47, P50, P48, P45, P46 8BR Poza del Sheripiari 
8°48'55.88"S, 74°43'44.44"W //  8°48'54.86"S, 74°43'44.86"W //  

8°48'54.43"S, 74°43'43.78"W //  8°48'55.41"S, 74°43'43.38"W 

P30, P36, P38, P39, P477, P29 9BR Cauce del Sheripiari 
8°48'55.25"S, 74°43'43.22"W //  8°48'54.43"S, 74°43'43.55"W //  

8°48'53.99"S, 74°43'42.65"W //  8°48'54.74"S, 74°43'42.27"W 

P18, P25, P26, P27, P20, P16 10BR Catarata del Sumiruna 
8°48'54.48"S, 74°43'41.57"W //  8°48'53.59"S, 74°43'42.00"W //  

8°48'53.00"S, 74°43'40.79"W //  8°48'53.81"S, 74°43'40.35"W 

P243, P246, P247, P256, P265, P266 11BR Cañón del Sumiruna 
8°48'52.89"S, 74°43'39.74"W //  8°48'52.54"S, 74°43'40.52"W //  

8°48'51.07"S, 74°43'39.83"W //  8°48'51.37"S, 74°43'39.09"W 

P438, P458, P476, P465, P467, P405 12BR Las Aguas Sagradas 
8°48'49.46"S, 74°43'38.07"W //  8°48'49.07"S, 74°43'38.78"W //  

8°48'47.81"S, 74°43'38.15"W //  8°48'48.28"S, 74°43'37.45"W 

P162, P178, P200, P204, P181, P188 13BR Rápidos de Mayantuyacu 
8°48'47.13"S, 74°43'36.49"W //  8°48'46.79"S, 74°43'37.16"W //  

8°48'45.92"S, 74°43'36.67"W //  8°48'46.34"S, 74°43'36.02"W 

P190, P192, P210, P212, P213, P214 14BR Quebradita Mayantuyacu 
8°48'45.77"S, 74°43'36.21"W //  8°48'45.16"S, 74°43'37.37"W //  

8°48'44.51"S, 74°43'37.08"W //  8°48'45.18"S, 74°43'35.87"W 

P301, P298, P306, P307, P308, P314 15BR Poza Salada 
8°48'23.10"S, 74°44'42.27"W //  8°48'17.19"S, 74°44'41.12"W //  

8°48'18.23"S, 74°44'33.14"W //  8°48'24.20"S, 74°44'33.72"W 

P230, P281, P284, P288, P160, P342 16BR Plaza de Azufre 
8°48'49.67"S, 74°43'26.09"W //  8°48'47.29"S, 74°43'25.85"W //  

8°48'47.63"S, 74°43'22.83"W //  8°48'49.83"S, 74°43'23.03"W 

P221, P443, P259, P355, P348, P223 17BR Catarata Impicciatori 
8°48'40.06"S, 74°43'4.73"W //  8°48'38.76"S, 74°43'3.46"W //  

8°48'40.43"S, 74°43'1.73"W //  8°48'41.58"S, 74°43'2.86"W 

P341, P345, P352, P357, P359, P326 18BR Escaleras de Morán 
8°48'35.86"S, 74°43'7.41"W //  8°48'34.20"S, 74°43'9.22"W //  

8°48'32.11"S, 74°43'6.79"W //  8°48'33.83"S, 74°43'4.97"W 
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P343, P318, P360, P429, P329, P349 19BR Boca del Shanay-timpishka 
8°48'2.87"S, 74°42'32.40"W //  8°48'1.82"S, 74°42'33.30"W //  

8°48'0.82"S, 74°42'31.96"W //  8°48'1.86"S, 74°42'31.13"W 

 

Table D.1.  Boiling River stations and GPS coordinates. The 114 samples collected are shown 

with a unique sample ID. The GPS coordinates include four points (each with a unique latitude 

and longitude) that make up a polygon shape encompassing the area of study per station as seen in 

Figure 5.4. 

 

 

 

 

 

 

Table D.2.  Sequence length statistics. 
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Table D.3. Frequency per ASV feature. 

 

 

 

Table D.4. Demultiplexed sequence counts summary. 
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Table D.5. Bacterial abundance at the order level. Cutoff 0.7% 
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Table D.6. Bacterial abundance at the family level. Cutoff 0.7% 
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Table D.7. Bacterial abundance at the genera level. Cutoff 0.5% 
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D.5 Supplemental Figures 

 

 
 

 
 
Figure D.1. Sequence quality control. A) Quality plots of the forward and reverse reads 
visualized with QIIME 2 View shows a high-quality sequence with Q-value of 37. B) Forward 
and reverse reads frequency histograms. 
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Figure D.2. Alpha diversity metrics. A) Rarefaction curve sequences for Shannon diversity 
indices of bacteria in Boiling River samples show that the curves almost reached a plateau 
indicating that the sequencing depth was sufficient to capture and identify the full scope of local 
microdiversity. The curve was constructed with QIIME2 and calculated at the 99% similarity level. 
B) The number of observed features (ASVs) is shown. C) Microbial evenness shown as boxplots. 
The nonparametric Kruskal-Wallis test was used and a p-value of 0.00212 was obtained. 
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Figure D.3. Beta diversity analyses. These metrics show the unweighted UniFrac distances 
between the stations’ microbiomes. Boxplots summarize the intra- and interstation distances. 
PERMANOVA analyses indicated that the beta diversity of the microbiome of Boiling River 
stations did not differ in a statistically significant manner. 
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Figure D.4. PERMANOVA analyses between stations at the phyla level. No significant 
difference was found in the microbial composition of Boiling River stations. Adjusted p-value: 
0.001; Number of permutations: 999; Test statistics: 1.36352 
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Figure D.5. Correspondence analysis (no distance matrix). Blue dots refer to sample ID and 
red triangles refer to phyla groups. 
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Figure D.6. Total bacterial phyla composition in the Boiling River. A) Phyla groups with a 1% 
or more abundance. B) Least numerous phyla groups (less than 1% abundance). 
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Figure D.7. Composition and distribution of bacterial phyla in Boiling River samples. These 
graphs include taxa with a 1% abundance or more. 
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Figure D.8. Composition and distribution of less abundant bacterial phyla in Boiling River 
samples. These graphs include taxa with less than 1% abundance. 
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Figure D.9. Composition of bacterial phyla in samples from station 16BR at the phyla level. 
A) Phyla groups with abundance of 1% or more. B) Least numerous phyla (0.5-1% abundance). 
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Figure D.10. Composition of bacterial phyla in samples from station 16BR at the genera 
level. Cutoff 0.5% 
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Figure D.11. Distribution of bacterial phyla in the Boiling River stations. Average relative 
abundance of the most numerous phyla groups (1% or more) including values from the six samples 
collected in each station. 
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Figure D.12. Boiling River stations. The exact location of samples collected in each station are 
shown. 
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