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ABSTRACT OF THE DISSERTATION 

 

Computational Investigation of Selectivity in Biosynthetic C–H Abstraction by Novel Enzymes  

 

 

by 

 

Kersti Joanna Caddell Haatveit 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2021 

Professor Kendall N. Houk, Chair  

 

 

This dissertation describes the elucidation of the reaction mechanisms and of the sources 

of regio- and stereoselectivity within several novel enzymes in biosynthetic pathways with 

computational methods. The computational protocol utilizes both density functional theory (DFT) 

and molecular dynamics (MD) simulations. The details of this computational approach are 

described in Chapter 1. Several collaborations with experimental research groups are described 

in Chapters 2–5.  

 Chapter 1 is an overview of the computational protocol utilized to study the enzyme 

mechanisms and selectivity, which utilizes both DFT and MD simulations. An outline of the 

protocol is given followed by previous examples of its usage from the Houk group. This provides 

the computational framework that is utilized in the remaining chapters of the dissertation.  

 Chapter 2 describes a collaboration between our group and Prof. David Sherman’s 

research group, where a novel iterative P450 monooxygenase, TamI, was discovered to perform 
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three selective oxidations (an allylic hydroxylation, epoxidation and primary hydroxylation) on a 

class of natural products, tirandamycins, in that specified order. Computations were performed to 

understand the nature of TamI’s oxidation order preference in addition to the origins of regio- and 

stereoselectivity of each reaction. We determined that the order of the reactions was controlled 

by the intrinsic free energy preference of the competing oxidations reactions while the 

stereoselectivity was controlled by orientation of the tirandamycin substrate within TamI, which 

was attributed to the hydrophobic interactions.  

 Chapter 3 continues on the collaboration described in Chapter 2, which utilizes TamI as 

the basis for engineering a toolbox of biocatalysts for altered oxidative selectivity for C–H 

functionalization. New TamI mutants of these hydrophobic residues were discovered that 

demonstrated altered selectivity from the WT. Most interesting, the TamI L244A_L295V 

performed an additional oxidation (hydroxyl to ketone) without the aid of a co-enzyme, TamL. 

Computations were performed to elucidate the mechanism of this novel oxidation in TamI 

L244A_L295V and the molecular basis for this reactivity. In addition, the free energies of these 

new oxidations and selectivity were compared to the WT reaction. It was discovered that the 

oxidation mechanism goes through a C–H abstraction over an O–H abstraction in the rate-limiting 

transition state step, and the flexibility of the tirandamycin substrate within active site doe to the 

L244A and L295V mutations allows for the correct orientation to be accessed for this reaction to 

occur in the mutant and not the WT.  

 Chapter 4 describes a collaboration between our group and Prof. David Sherman’s 

research group, where a novel flavin monooxygenase, PhqK, was discovered to catalyze 

spirocycle formation in the biosynthesis of paraherquamides. Computations were performed to 

explore the mechanisms and indole substituents effects, the origin of stereoselectivity, and the 

effects of key active site residues, R192 and D47. We determined that the mechanism was a 

general-acid catalyzed epoxide opening followed by a 1,2 shift with the R192 likely acting as the 

soured of the general acid.  
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 Chapter 5 describes a collaboration between our group and Prof. Katherine Ryan’s 

groups, where a novel set of pyridoxal phosphate-dependent arginine oxidases, were discovered 

to catalyze either desaturation or hydroxylation reactions and experiments suggested a potential 

role of molecular oxygen in the reactivity. We performed DFT calculations to elucidate the role of 

molecular oxygen in the oxidases activity and the role that water plays in the outcome of the 

reaction.  
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Chapter 1. Computational protocol to understand P450 mechanisms and design of 

efficient and selective biocatalysts  

1.1 Abstract  

Cytochrome P450 enzymes have gained significant interest as selective oxidants in late-stage 

chemical synthesis. Their broad substrate scope enables them to be good candidates for their 

use in non-natural reactivity. Directed evolution evolves new enzyme biocatalysts that promote 

alternative reactivity for chemical synthesis. While directed evolution has proven useful in 

developing biocatalysts for specific purposes, this process is very time and labor intensive, and 

therefore not easily repurposed. Computational analysis of these P450 enzymes provides great 

insights into the broad substrate scope, the variety of reactions catalyzed, the binding specificity 

and the study of novel biosynthetic reaction mechanisms. By discovering new P450s and studying 

their reactivities, we uncover new insights into how this reactivity can be harnessed. We discuss 

a standard protocol using both DFT calculations and MD simulations to study a variety of 

cytochrome P450 enzymes. The approach entails theozyme models to study the mechanism and 

transition states via DFT calculations and subsequent MD simulations to understand the 

conformational poses and binding mechanisms within the enzyme. We discuss a few examples 

done in collaboration with the Tang and Sherman/Montgomery groups toward elucidating enzyme 

mechanisms and rationally designing new enzyme mutants as tools for selective C–H 

functionalization methods. 

1.2 Introduction  

Cytochrome P450s are a highly-conserved class of enzymes that contain an Fe-heme 

cofactor with an axial cysteine ligand that can perform different oxidation reactions on a large 

variety of native substrates.1 P450 mechanisms have been extensively studied2 and require the 

oxidative generation of the reactive cofactor species, an iron(IV)-oxo (FeIV = O) radical cation. 

With this reactive species, the oxidation step in the hydroxylation reaction occurs via a hydrogen 
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abstraction step followed by a radical rebound step between the cofactor and substrate3. Due to 

their broad substrate scope4 and the growing interest developing selective methods for late-stage 

C–H oxidations, P450s have been utilized extensively as biocatalysts for many applications5, 

particularly those that are difficult to perform with chemocatalysts. Cytochrome P450s are an 

excellent starting point for developing biocatalysts, and many great successes6 in modifying and 

engineering P450s have come from experimental directed evolution (non-rational) approaches7, 

pioneered by Nobel Laureate, Frances Arnold. However, these require many rounds of screening 

to arrive at a biocatalyst tailored for a specific purpose. This process can be sped up by developing 

a better understanding about how these P450s function, particularly by using computational 

methods. Rational approaches utilizing computational methods to study these enzymes can 

facilitate quicker access understanding their reactivity and predicting better variants. 

While enzymes are complex systems, and their study can require elaborate computational 

methods, the Houk group has developed a simpler standard approach to understanding the 

mechanisms of complex (metallo)enzymes (particularly P450s) with great success. We utilize 

quantum mechanics (QM) calculations to study the transition states and mechanisms of theozyme 

(“theoretical enzyme”8) models (Figure 1.1A), a truncated portion of the enzyme that includes 

catalytically relevant active site residues and cofactors along with the substrate. We investigate 

the intrinsic mechanistic preferences of such transformations to understand which type of 

catalysis by the enzyme is most likely. Others have also utilized more rigorous approaches to 

study the enzyme catalysis, such as the cluster model (CM) approach used by Siegbahn, Thiel, 

and Himo9,10,11,12 and QM/MM13,14,15,16 methods. In the beginning, CM were quite comparable to 

theozymes, but with the advance of computational power, CM has become more complex, and 

expanded to include systems of 200 atoms with other constraints on the amino acids residues to 

more accurately reflect the shape of the active site. QM/MM has been utilized to study the effects 

that mutations have on substrate binding. While these techniques are often more accurate and 



 

 3 

include the entire enzyme system, our approach is a more rapid method to study various enzyme 

systems (particularly P450s) and to understand their intrinsic preferences.  

 

Figure 1.1. Overview of the P450 theozyme model with two example analyses on enzymes, GsfF and PikC. (a) 
Representative scheme displaying a chosen theozyme to study an enzyme by DFT methods. (b) The three 
mechanistic pathways proposed to be catalyzed by GsfF to generate 2, a griseofulvin precursor. (c) The menthol 
based substrates with linkers of various lengths chosen to probe the binding mechanism with PikC variants.  
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We combine DFT calculations with molecular dynamics (MD) simulations to explore the 

selectivities of enzymes and mutants. MD simulations allow us to study the substrate binding 

poses and positioning relative to the Fe = O active species. We can compare these geometries 

from MD simulations to the ideal transition state geometries determined from DFT to establish the 

enzyme's selectivity control. This method has allowed us to propose mutations to improve 

catalytic activity of enzymes. This review will focus on a few recent examples from the Houk group, 

first using QM theozymes to understand the feasibility of various mechanistic pathways within an 

enzyme, and subsequently, a combination of both QM and MD simulations to assess how the 

enzyme controls the reactivity and selectivity in a variety of P450 enzymes. Ultimately, we 

describe predictions to develop more efficient and selective enzyme mutants. 

1.3 Computational Description and Examples  

The Houk group has used quantum mechanical DFT calculations to elucidate the mechanisms 

of novel P450 enzymes discovered in biosynthetic pathways. These demonstrate promiscuous, 

yet selective, reactivity or new oxidation reactivity that has great potential for biocatalysis. By 

modeling the reaction using a theozyme that includes the substrate and a truncated Fe-oxo heme 

active species, this method leads to the intrinsically preferred mechanism. Here, we discuss an 

example of the mechanism for a novel C–O bond formation performed by a P450 enzyme, GsfF, 

to generate the natural product, griseofulvin. 

In 2016, the Tang group discovered GsfF (1718) from the gsf gene cluster responsible for the 

synthesis of the natural product, griseofulvin. GsfF catalyzes an oxidative cyclization that 

generates the spirocyclic core within the final product. Initially, two different mechanisms, a double 

O–H abstraction (Pathway A) and epoxidation (Pathway C), were proposed (Figure 1.1B). 

Because it was difficult to determine a plausible mechanism experimentally, the various 

mechanisms were studied computationally19. An alternative direct radical attack C–O bond 

formation mechanism (Pathway B) was proposed within this paper to avoid diradical formation 

(Figure 1.1B). These mechanisms were studied computationally using DFT methods [at 
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(U)B3LYP-D3(BJ)/LanL2DZ(Fe)/6-311+G(d,p)// (U)B3LYP/LanL2DZ(Fe)/6-31G(d) levels] with a 

theozyme compromised of a truncated Fe porphyrin model with the substrate (Figure 1.1A). 

Pathway C was quickly discarded as a possibility due to the high barrier (18.7 kcal/mol) as 

compared to the double O–H abstraction and direct radical attack mechanism that are 0.5 and 

0.0 kcal/mol, respectively. The differences between pathways A and B are small (0.5 kcal/mol), 

and therefore further analysis was considered to distinguish the most plausible mechanism. 

Pathway A requires a diradical intermediate, which is highly reactive. Due to the lack of crystal 

structure of GsfF, homology modeling was used to evaluate the possible binding positions of the 

substrate in the active site. Pathway A requires the substrate to reorient its binding pose within 

the enzyme between the mechanistic steps, which is likely not feasible without deleterious side 

reactions involving the reactive diradical intermediate. Consequently, Pathway B, which doesn't 

require substrate reorientations, is proposed to be the most plausible pathway. 

While the use of QM and theozyme models provides significant information on the mechanisms 

of novel enzymatic catalysis of P450s, we usually combine QM and MD to obtain more knowledge 

of enzyme reactivity. DFT calculations of model theozymes demonstrates the intrinsic preferences 

for oxidation sites with P450 enzymes, while the MD simulations illustrate the various 

conformations and binding poses that the substrate can explore within the active site. We describe 

several collaborations with the Sherman and Montgomery groups to understand various P450 

intrinsic reactivity for oxidations, how the enzyme controls binding orientations to overcome that 

innate selectivity, and how new mutations can enhance selectivity and activity. 

The Sherman group discovered a cytochrome P450 monooxygenase, PikC, a 

promiscuous enzyme that hydroxylates 12- and 14- membered macrolides, YC-17 and 

narbomycin20. Co-crystal structures with both YC-17 and narbomycin revealed that the source of 

this selective, yet promiscuous, scope is due to a salt bridge interaction between the desosamine 

sugar anchor on the macrolides and E94 residue, enabling different substrates to react similarly 

if they maintain the desosamine sugar21. This interesting discovery led us to use PikC as the 
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starting point for engineering a P450 biocatalyst that performs selective hydroxylations on a broad 

set of unnatural cyclic substrates. While the co-crystal structure provided great insights into one 

critical aspect of the binding mechanism, a dynamic view of PikC by utilizing both MD and QM 

enabled a rapid design of substrates and improved mutants22. 

Menthol was chosen as a model non-native substrate due to the variety of C–H bonds and the 

vast amount of information on previous C–H functionalization attempts. MD simulations were 

performed on several menthol-based substrates that contain various lengths of synthetic anchors 

(Figure 1.1C). From those simulations, it was discovered that when the linker is too short (3a), 

the salt bridge interactions with E94/E85 are lost, and alternatively it develops a new interaction 

with E246, which unproductively orients the substrate such that unreactive C–H bonds are aimed 

at the iron-oxo reactive site (Figure 1.2A). Simulations also showed that the carboxylate group in 

D176 can unproductively interact with the substrate, forcing it to lose its close proximity to the Fe 

= O active species. It was also discovered that the loss of E94/E85 interactions destabilize the 

tertiary structure forcing PikC to adopt its open conformation, the preferred conformation in the 

apo state. However, when the linkers are longer (3e) and contain more rigid groups such as 

phenyls (3f), salt bridge interactions with E94/E85 give a new stabilizing interaction with E48 while 

avoiding the harmful E246 interaction. Experimentally, a PikC D50 N mutant demonstrated 

improved reactivity and the MD simulations confirmed this. Furthermore, it was predicted that 

PikC had greater selectivity for (−) menthol over (+) menthol as the latter substrate left the active 

site after 100 ns of MD simulations or oscillated in and out of the pocket, depending on the 

synthetic anchor group. Experimental results corroborated these predictions. 

From these findings, we predicted two key mutation points, E246 and D176, that would 

improve the efficiency of the enzymes. From the mutagenesis experiments, the triple mutant 

PikCD50N/E176Q/E246A, showed an increase in total turnover number (TTN) for all the unnatural 

substrates tested. The MD simulations demonstrated a higher frequency of closed conformations 
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and persistent favorable salt bridge interactions in the triple mutant (Figure 1.2B) versus PikCwt or 

single mutant PikCD50N. 

While MD allowed us to predict essential mutations to improve catalysis in PikC, QM 

theozyme calculations were utilized to develop a model to predict the site selectivity of 

hydroxylation of these unnatural substrates. C–H abstraction transition states were computed for 

all the possible C–H bonds on menthol and C4 position was determined as the most reactive 

bond. In addition, the stereoselectivity at C4 was analyzed and a minimal difference in preference 

was found as the axial hydrogen abstraction barrier is lower by 0.7 kcal/mol. The chiral 

environment of the enzyme is responsible for biasing for one stereoisomer, thus overriding the 

intrinsic reactivity. Key geometric parameters, H–O distance and O–H–C angles, from snapshots 

of 0.5 μs MD simulations were compared to the ideal geometry from DFT calculations 

(Figures 1.2C,D). This analysis indicated that the enzyme exposes the equatorial hydrogen in the 

appropriate geometry to the iron-oxo species more than axial hydrogen. Experimentally, 

hydroxylations of these substrates gave results consistent with the computational predictions. 

With this triple mutant PikC, the scope of the biocatalyst for oxidation of more complex 

substrates was explored. Anchor groups were simplified to have greater control of the selectivity, 

and we probed the origins of selectivity controlled by various anchors. 

Our computational approach involved QM theozymes and MD simulations to predict the 

selectivities of substrate, 5, modified with two linkers, a and b (Figure 1.2E). DFT calculations of 

the truncated system were utilized to analyze the intrinsic preference for oxidation for the various 

C–H bonds within the macrocycle23. Positions C3 and C10 were determined to have the lowest 

C–H abstraction barriers in the two lowest energy conformers when using truncated model of 

macrolactone, 5, where the linker was simplified as a methyl group (Figure 1.2F). These results 

are consistent with the two regioisomers observed experimentally. The stereochemistry at each 

of these positions was analyzed by comparing the C–H abstraction barrier for the axial and 

equatorial hydrogen at both C3 and C10. For both positions, the equatorial hydrogen abstraction 

https://www.frontiersin.org/articles/10.3389/fchem.2018.00663/full#F2
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had a lower energy barrier, due to better conjugation with the exocyclic olefin for C3 and less 

distortion to obtain conjugation for C10 (Figure 1.2G). 

MD simulations were then performed on 5 attached with either linker a or linker b. These were 

docked into the crystal structure of the PikC mutant. MD simulation snapshots with 

linker a demonstrated that both C3 and C2 positions were maintained close to the reactive iron-

oxo cofactor. Despite the favorable proximity of both positions, a C3–H reacts more rapidly than 

C2–H, due to its lower C–H abstraction barrier (5 kcal/mol lower) as shown by DFT calculations. 

The stereoselectivity of reaction at C3 was analyzed by comparing the geometry for C–H 

abstraction of both the axial and equatorial positions during MD trajectories to that of the ideal 

DFT transition state (Figure 1.2H). These results show that the PikC mutant active site bends the 

substrate so that the equatorial hydrogen has the appropriate orientation C–H abstraction. The 

same procedure was performed on the substrate with linker b which points the C10 close to the 

iron-oxo species. For C10, the axial hydrogen is in a geometry better for C–H abstraction 

(Figure 1.2H). However, the barrier for the equatorial C–H is much lower than that for the axial 

C–H. This process was repeated for many substrates, and experimental results were consistent 

with their predicted selectivity. 

1.4 Conclusions 

We have described several cases where we have combined QM theozyme models and MD 

simulations to understand enzymatic reactivities and selectivities. This computational protocol 

provides understanding of enzymatic mechanisms and substrate conformational space for 

various cytochrome P450s. We used this knowledge to predict mutations to establish better 

biocatalyst variants and predict the selectivities on natural and non-natural substrates. Although 

we showed some successful applications of this protocol, one of its limitations is that accurate 

energy barriers, that can be directly compared with experimental values, cannot be obtained. For 

these purposes, more computationally expensive methods and protocols are required. For 

instance, multiple QM/MM calculations can be performed to get more accurate free energies on 
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Figure 1.2. Computational protocol applied to PikC enzyme. (a) The detrimental binding interactions of menthol-
based substrate with E246 in WT PikC enzyme. (b) The beneficial binding interactions of menthol-based substrate 
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with E48, E85, and E94 in triple mutant PikC, D50N/D176Q/E246A. (c) Orientation of H4eq and H4ax relative to the 

reactive iron-oxo species from 0.5s MD trajectories. Each point represents a simulation snapshot. The x-axis 

captures deviations of Oheme–H distances and y-axis of Oheme–H–C angles from DFT optimized transition state (in 
blue). (d) Representative snapshot from MD simulations showing the closer proximity of equatorial hydrogen to active 
Fe-oxo species. (e) The regio and stereoselectivity of macrolactone substrate, 5, with different linkers a and b in PikC 
triple mutant. (f) The lowest energy conformer of truncated 5 with C–H abstraction barriers for both axial and 
equatorial hydrogens at C3 and C10. (g) The geometry of the C–H abstraction transition state for the lowest energy 
hydrogen (equatorial) for C3 (left) and C10 (right). (h) Orientation of axial (red) and equatorial (blue) hydrogens on C3 
in 5a (left) and C10 in 5b (right) relative to the reactive iron-oxo species from 500 ns MD trajectories. Each point 
represents a simulation snapshot. The x-axis captures the Oheme–H distances and y-axis of Oheme–H–C angles 
compared to that of DFT optimized transition state (in black). Adapted with permission from ref. 22 and 23. 

different conformations sampled by the enzymatic system during MD simulations. This better 

accounts for the catalytically relevant conformations explored by the enzyme in solution. 

Although the accuracy of these methods is well-established, the large amount of computational 

time needed dramatically limit the speed and generality of those protocols. 
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Chapter 2. Molecular basis of iterative C–H oxidation by TamI, a multifunctional P450 

monooxygenase from the tirandamycin biosynthetic pathway  

2.1 Abstract 

Biocatalysis offers an expanding and powerful strategy to construct and diversify complex 

molecules by C−H bond functionalization. Due to their high selectivity, enzymes have become an 

essential tool for C−H bond activation and offer complementary reactivity to small-molecule 

catalysts. Hemoproteins, particularly cytochromes P450, have proven to be effective for selective 

oxidation of unactivated C−H bonds. Previously, we reported the in vitro characterization of an 

oxidative tailoring cascade in which TamI, a multifunctional P450, functions co-dependently with 

the TamL flavoprotein to catalyze regioand stereoselective hydroxylation and epoxidation to yield 

tirandamycin A and tirandamycin B. TamI follows a defined order including (1) C10 hydroxylation, 

(2) C11/C12 epoxidation, and (3) C18 hydroxylation. Here, we present a structural, biochemical, 

and computational investigation of TamI to understand the molecular basis of its substrate 

binding, diverse reactivity, and specific reaction sequence. The crystal structure of TamI in 

complex with tirandamycin C, together with molecular dynamics (MD) simulations and targeted 

mutagenesis, suggests that hydrophobic interactions with the polyene chain of its natural 

substrate are critical for molecular recognition. Quantum mechanics calculations and MD 

simulations of TamI with variant substrates provided detailed information on the molecular basis 

of sequential reactivity and pattern of regio- and stereoselectivity in catalyzing the three-step 

oxidative cascade. 

2.2 Introduction 

Selective functionalization of C−H bonds to form C−X or C− C bonds is a powerful strategy 

for the synthesis of complex organic compounds and other high-value chemicals. Although the 

past decade has seen extensive applications of C−H functionalization for chemical synthesis, 

controlling regio- and stereoselectivity remains a significant challenge. Most research studies 
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have focused on catalyst-controlled methods for selectivity in C−H functionalization.1 While 

several effective small molecule catalysts have been developed in the past few years, nature has 

utilized selective C−H functionalization throughout evolution via enzyme-mediated catalysis. In 

various metabolic pathways, enzymes perform diverse C−H functionalization reactions such as 

halogenation, hydroxylation, alkylation, and amination with high regio- and stereoselectivity; 

therefore, biosynthetic enzymes are an excellent resource to access biocatalysts that can be 

harnessed for efficient C−H functionalization with high selectivity over a broad range of substrates.  

Most biological site-selective C−H functionalizations are catalyzed by cytochromes P450 

(P450s) with high chemo-, regio-, and stereoselectivities. P450s are found in all domains of life, 

including viruses,2 and catalyze a broad range of oxidative transformations such as aliphatic and 

aromatic bond hydroxylation, double bond epoxidation, C−C bond formation, decarboxylation, 

desaturation, oxidative rearrangement of carbon skeletons, and other transformations.3 These 

P450s are frequently integrated into biosynthetic gene clusters and perform oxidative tailoring of 

complex substrates to produce secondary metabolites.4 The remarkable versatility of P450s has 

driven increased applications for synthetic biology5 and for late-stage functionalization of several 

natural products including nigelladine A, juvenamicins, vancomycin, mycinamicin, and thaxtomin 

D.6 Taking advantage of inherent evolvability of these P450s, researchers have engineered 

P450s to catalyze new and non-natural reactions including C−Si, C−B, and anti-Markovnikov 

alkene oxidation for which no enzymes exist in nature.7,8,9,10,11 The continued discovery, 

characterization, and engineering of novel biosynthetic P450s provide new insights for biocatalyst 

development, thus expanding the toolbox for addressing the challenges of C−H functionalization.  

TamI is a multifunctional cytochrome P450 from Streptomyces sp. 307-9 that catalyzes late-

stage oxidation at three positions on the bicyclic ketal moiety of tirandamycin C (1),12 which is a 

required modification for bacterial RNA polymerase targeting by the tirandamycins.13 In 

distinction from flexible enzymes that act on a variety of substrates, multifunctional P450s catalyze 

a stepwise sequence of reactions on a particular substrate. This uncommon reactivity has been 
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studied in bacterial enzymes MycG14 and AurH,15 as well as in other fungal16 and plant17 

P450s. Previously, we reported in vitro functional characterization of TamI, and a partner flavin 

adenine dinucleotide-dependent oxidase, TamL, and established their roles in the installation of 

the C10 keto, C11/C12 epoxide, and C18 hydroxyl groups on native substrate 1 (Figure 2.1).12

 

Figure 2.1. Overview of the TamI oxidation pathway. TamI catalyzes iterative oxidation of the bicyclic ketal of 1. 
The C10 hydroxyl of 2 is oxidized to a ketone by the TamL flavoprotein while subsequent steps are catalyzed by 
TamI only. 

TamI catalyzes initial hydroxylation of 1 at C10 to form tirandamycin E (2); subsequently, TamL 

catalyzes oxidative conversion of C10 hydroxyl to carbonyl to yield tirandamycin D (3). Further 

epoxidation and hydroxylation catalyzed by TamI complete the oxidative catalytic cascade to yield 

antibiotics tirandamycin A (4) and tirandamycin B (5), respectively (Figure 2.1). Despite detailed 

functional studies, the molecular basis of the iterative nature of TamI remained unexplored, which 

we were motivated to pursue using structural biology and computational approaches. A key 

hypothesis that we sought to interrogate was whether TamI uses a discrete substrate-binding 

mechanism in which the tetramic acid moiety anchors 1 in a position appropriate for the iterative 

oxidation reactions to occur. Substrate anchoring has notably been observed in the TamI 

homologue PikC (47% sequence identity), where presence of the dimethylamino sugar 

desosamine or a suitable surrogate drives substrate recognition, thus enabling oxidation of non-

native substrate scaffolds bearing this recognition element.18 Presence of such a feature in TamI 

could provide additional opportunity for a tetramate based anchoring strategy for oxidative 

tailoring of diverse chemical scaffolds.  

Here, we report the molecular characterization of TamI to understand in detail its structure, 

substrate molecular recognition, and the basis for its regio- and stereoselectivities. Surprisingly, 
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we found that the TamI structure together with molecular dynamics (MD) simulations and 

subsequent mutagenesis experiments indicate that hydrophobic interactions with the central 

polyene chain region of 1 is the critical element for substrate recognition and catalysis. Quantum 

mechanics (QM) calculations, together with MD simulations, provide detailed information on the 

molecular basis of regio and stereoselectivity. 

2.3 Computational Methods 

Quantum Mechanics: Conformational searches were performed with the Merck molecular 

force field in Spartan. All QM calculations were performed with Gaussian 09.19 Geometry 

optimizations and frequencies calculations were performed at the B3LYP level with LANL2DZ20 

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.21 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, except for the tetramic acid tautomer comparison, which included a 

conductor-like polarizable continuum model for water.  

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)22 of the Amber 12 

package.23 The Amber-compatible parameters developed by Cheatham et al. were used for 

compound I and its axial Cys ligand.24 Parameters for tirandamycin substrates were generated 

within the antechamber module using the general AMBER force field (gaff),25 with partial charges 

set to fit the electrostatic potential generated at the HF/6-31G(d) level by the RESP model.26 The 

charges were calculated according to the Merz−Singh− Kollman27,28 scheme using Gaussian 09. 

Each protein was immersed in a pre-equilibrated truncated cuboid box with a 10 Å buffer of 

TIP3P29 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 
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subsequent calculations were carried out using the widely tested Stony Brook modification of the 

Amber 99 force field (ff99sb).30 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-mesh Ewald method.31 An 8 Å 

cutoff was applied to the Lennard Jones 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 fs time step at a constant volume. Production trajectories were then run for an additional 500 

ns under the same simulation conditions. 

2.4 Results and Discussion  

The structure of TamI in complex with 1 was solved by molecular replacement at 2.7 Å 

resolution using the ligand-free structure as a search model. The overall structure exhibits the 

characteristic P450 fold with a single heme cofactor covalently bound via a Cys359 heme-thiolate 

(Figure 2.2A). The asymmetric unit is composed of eight unique chains which are differentiated 

by their crystal packing environment and show high conformational similarity (rms deviations < 

0.3 Å); therefore, the best ordered chain (chain A, average B-factor 50 Å2) was used for analysis 

and interpretation. Structural analysis revealed CYP267B1 (6GK5), CYP154C5 (4J6C), 

CYP245A1 (2Z3U), and CreJ (5GWE) as the closest homologues with an average rms deviation 

of 2.1 Å (DALI).32 These enzymes are involved in oxidation of medium-chain fatty acids, steroids, 

alkaloids, and alkylphenols.33,34,35,36 
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Figure 2.2. Structure of TamI in complex with 1. (A) Cartoon representation of the complex. 1 is shown in yellow 
space-filling model; heme is shown in black. (B) Omit map (Fo−Fc) for 1. The bicyclic ketal is proximal to the heme. 

Tirandamycin C is unambiguously bound in the active site with well-defined electron 

density for the entire molecule (Figure 2.2B). The bound substrate is enveloped completely within 

the enzyme without evidence of direct access to bulk solvent. Tirandamycin C makes close 

contacts with the enzyme throughout its structure (Figure 2.2B). The tetramic acid moiety is bound 

in a pocket composed of segments of four distinct loop regions of the protein: the β1-1/2 loop 

(residues Val42, Pro43, and Val44), the BC loop (Phe92), the FG loop (Val185), and the β3 -3/2 

loop (Ser 397, Thr398, and Leu399) (Figure 2.3A). Tetramic acid binding is mediated by several 

direct polar interactions via the carbonyl oxygen of Pro43, the amide nitrogen of Thr398 and 

Leu399, and the side chain hydroxyls of Ser397 and Thr398, and by hydrophobic contacts with 

the side chains of Val44 and Phe92 (Figure 2.3A).  
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Figure 2.3. Crystal structure and mutagenesis results of the tetramic acid binding site. (A) Stick representation 
of key contacts proximal to tetramic acid. (B) HPLC traces for endpoint assays with TamI mutants. Signal is UV 
absorbance at 340 nm. 2 shows peak shoulder due to tautomerization in methanol and bicyclic ketal-binding site (C) 
Stick representation of key contacts proximal to the tirandamycin bicyclic ketal. (D) HPLC traces for endpoint assays 
with TamI mutants. Signal is UV absorbance at 340 nm. 2 shows peak shoulder due to tautomerization in methanol. 

In addition to the tetramic acid component of the substrate, there are several interactions 

along the length of the polyene chain and the bicyclic ketal. The linear polyene predominantly 

contacts residues from the β3-3/2 loop region (Leu399 and Ile400), FG region (Val185), and BC 

loop (Phe92). These hydrophobic side chains constrict the binding site in this region and lead to 

a hydrophobic pocket adjacent to the heme center in which the bicyclic ketal is bound. Numerous 

hydrophobic side chains line the binding site of the bicyclic ketal (Leu101, Leu244, and Leu295) 

in addition to other residues (His102, Gly248, Thr252 and Thr299) (Figure 2.3C). Consistent with 

the observed order of oxidation by TamI in which C10 is first hydroxylated to form 2, the C10 atom 

distance to the heme iron is 4.1 Å, which is suitable for hydroxylation upon redox partner binding 

and iron-oxo formation. The conserved I-helix residues Glu250 and Thr251, which have been 
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implicated in proton delivery during dioxygen activation37 are also found in this region adjacent to 

the bicyclic ketal moiety.  

Based on the PikC crystal structure in which a salt−bridge interaction distal from the site 

of oxidation provided substrate anchoring,18,38,39 we sought to investigate whether the tetramic 

acid moiety of 1 could have an analogous role in TamI. Numerous polar interactions about the 

tetramic acid moiety in the TamI active site appear consistent with a mechanism that permits 

iterative oxidation of the distal bicyclic ketal, which we probed experimentally and computationally 

(see below). Mutagenesis of TamI active site residues in proximity to 1 was performed to assess 

their specific roles in catalysis. TamI mutant assays were conducted using an optimized three 

component system composed of TamI, spinach ferredoxin, and ferredoxin reductase. To probe 

whether the dienoyl tetramic acid moiety of the native substrate 1 plays a role in substrate 

anchoring, we performed mutagenesis of active site residues (Ser397, Thr398, Pro43, Val44, and 

Val185) (Figure 2.3). Based on the complex structure, we hypothesized that the polar interactions 

mediated by the side chain hydroxyl groups of Ser397 and Thr398 could be required for proper 

substrate binding and perhaps could act as a substrate anchor similar to the desosamine sugar 

of narbomycin/YC-17 and Asp50/Glu85 in PikC.18,38,39 Therefore, we prepared single (S397A, 

T398A, and V185A) and double (P43A/V44A) amino acid variants. Analysis of these mutants, 

however, revealed no evident changes in the product profile or abundance compared to wild-type 

TamI in an endpoint assay. Furthermore, these variants showed minor perturbations in Kd 

measured by the UV spectral assay where addition of the substrate was used to displace the axial 

water ligand. This demonstrated that these polar side chain interactions near the dienoyl tetramic 

acid moiety have no direct influence on the TamI-mediated 1 to 2 conversion and refuted a 

tetramic acid-based anchoring mechanism. Considering the array of backbone-mediated 

interactions with the tetramic acid moiety, and also the numerous close contacts along the full 

substrate molecule, we expanded our analysis to alternative active site interactions with bound 1.  
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Thus, we examined a cluster of hydrophobic and aromatic residues (Leu399, Ile400, and 

Phe92) located near the polyene region of the substrate. Substitution of Phe92 with alanine 

resulted in complete loss of catalytic activity in an end-point assay. The double mutant 

L399A/I400A demonstrated significantly reduced activity (Figure 2.3B). In these cases, the 

spectrophotometric assay showed no shift for these mutants likely indicating perturbed substrate 

binding. These data indicated that the aromatic and hydrophobic residues surrounding the 

substrate are critical for C-10 hydroxylation.  

Finally, we probed the active site residues (Leu101, His102, Leu295, and Thr299) 

proximal to the bicyclic ketal moiety for their role in substrate binding and product profile. We 

created a double mutant (L101V/H102S) to examine the impact of increasing the active site 

volume. However, we did not observe any change in the product profile that would indicate relaxed 

site selectivity for the first oxidation event; instead, we observed a significant decrease in 1 to 2 

conversion. Presumably, the Leu101 and His102 side chains are important for substrate binding 

through interactions with the C14 methyl group, which is evident in the crystal structure. 

Specifically, 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. These interactions may be required for proper 

positioning of the bicyclic moiety with respect to the heme iron for C10 hydroxylation. We also 

generated alanine substitutions at Leu295 and Thr299, which are located on the opposite side of 

the active site and in proximity of the bicyclic ketal moiety. However, this TamI double mutant 

displayed wild-type activity in its ability to convert substrate to 2 (Figure 2.3).  

In summary, mutagenesis studies revealed that the hydrophobic residues in proximity to 

substrate 1 (Leu399, Ile400, and Phe92) are essential for C-10 hydroxylation. These data further 

suggested that the polyene chains of tirandamycin substrates are a critical component and that 

appropriate substrate orientation is achieved through hydrophobic and steric interactions with 

nonpolar residues (Leu399 and Ile400) and the aromatic ring of Phe92.  
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A notable feature of the TamI enzyme is its ability to selectively oxidize multiple positions of 

tirandamycins in a specific and sequential manner. We used computational methods of density 

functional theory (DFT) and MD simulations to characterize the intrinsic reactivity of these 

competing oxidations on the tirandamycin substrates and classify how the enzyme influences the 

regio- and stereoselectivity.  

 

Figure 2.4. Computational analysis of the selectivity in the TamI iterative oxidation pathway. (A) Intrinsic 
energy for each of the three oxidation steps in tirandamycin biosynthesis. (B) MD simulations showing TamI 
interaction with 1. The pro-S hydrogen resides closer to the QM ideal transition-state (green dot) geometry in the 
crystal structure (orange dot) and throughout the simulation. (C) Overlays of top five occupied clusters for 1 with WT 
and F92A TamI. 

Using a truncated model of the tirandamycins C, D, and A containing the bicyclic ketal 

moiety and the reactive Fe(IV)- oxo radical cation, we used DFT methods to calculate the 

transition-state barriers for all competing oxidations, C10 hydroxylation, C11/12 epoxidation, and 

C18 hydroxylation (Figure 2.4A). For the first substrate in the oxidative cascade, 1, the lowest 
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energy barrier is at the C10 position for allylic hydroxylation with no difference between 

abstracting the R or S hydrogen as they both have C−H abstraction barriers of 14.5 kcal/mol 

(Figures 2.4A). This matches the experimentally observed regioselectivity, but it indicates that the 

active site environment of TamI is essential for distinguishing the selectivity between these 

diastereomeric transition states. For 3, the second substrate in the TamI oxidation cascade, the 

front facing epoxidation at C11/12 is lowest in energy by 1.9 kcal/mol, which matches the 

experimentally observed stereoselectivity and reaction specificity (Figures 2.4A). Last, we 

calculated the transition-state barriers for the final substrate, 4, which has a barrier of 17.5 

kcal/mol. These calculated energetic barriers through the oxidation cascade match the trend 

reported for the TamI-RhFRED fusion protein, where kcat drops significantly (0.11 min−1 ) for the 

final oxidation of 4 compared to the first oxidation of 1 (40.5 min−1 ) or the second oxidation of 3 

(83.8 min−1 ).12 These energetic trends match the order of sequential reactivity without accounting 

for the effect of the enzyme environment on the activation barriers. Thus, we analyzed more of 

the stereoselectivity and how TamI biases toward the experimentally observed reactions, 

particularly for the C10 allylic hydroxylation step.  

MD simulations were performed to analyze the influence of TamI on the regio- and 

stereoselectivity within the oxidative cascade. We performed the simulations beginning from the 

cocrystal structure of 1 with TamI. To ensure these simulations were representative, the 

tautomeric state of the tetramic acid was examined computationally with the enol tautomer 1 

having the lowest relative energy. The distances of key atoms of the 1 bicyclic ketal 

(C10−C11−C12−C18) from the reactive Fe(IV)-oxo radical cation were tracked to explore the 

regioselectivity of the first oxidation event. Both C10 and C11 remained within ∼4 Å throughout 

the 500 ns simulation, consistent with initial C10 hydroxylation. We next analyzed how the enzyme 

orients the substrate geometry at C10 relative to the Fe(IV)-oxo radical cation and compared to 

the ideal transition-state geometry calculated with QM. By plotting the Oheme−H10 distance and 

Oheme−H−C10 angle for both the S and R hydrogens relative to that of the ideal transition-state 
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geometry, we find that TamI controls the orientation of 1 such that the S hydrogen is closer to a 

transition-state geometry for the duration of the simulation (Figure 2.4B). This suggests that TamI 

controls the stereoselectivity for this C10 allylic hydroxylation step, which is likely due to the 

hydrophobic interactions according to the experimental mutational analysis, and is consistent with 

the isolation of a single C10 stereoisomer from the fermentation broth of Streptomyces sp. 307-9  

 

Figure 2.5. MD simulations analysis of the iterative oxidation cascade. (A) The geometric orientation of 
tirandamycin D shifts from tirandamycin C and has similar orientation to the QM transition state geometry. (B) The 
geometric orientation of tirandamycin A shifts from both tirandamycin C and D and shows a range of snapshots with 
similar orientation to the QM transition state geometry (C) The simulations show changes in the orientation between 
the various tirandamycins that match the geometry for the expected reactivity. Simulations were performed using 
Amber12/ff99SB-ILDN/GAFF for 500 ns. 

ΔtamL.12 MD simulations were similarly performed on both 3 and 4, which revealed that the 

orientation of the tirandamycin substrates changed upon increasing oxidation. The geometry of 

the substrate throughout these simulations, including a dihedral angle for epoxidation of 3 and 

the angle for C−H abstraction of 4, was compared to those of the ideal transition-state geometry 
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(Figure 2.5), which reveals that the tirandamycins can occupy the appropriate geometry for the 

expected reactivity in the enzyme active site. This is also demonstrated in visualizing the top 

occupied clusters of the MD simulations, which when overlayed, show different substrate-binding 

modes as the oxidation cascade progresses and reveal that the expected reactive position for 3 

and 4 (C12 and H18, respectively) to be closest to the reactive Fe(IV)-oxo radical cation in the 

corresponding simulations (Figure 2.5).  

 

Figure 2.6. Top 5 occupied clusters for TamI active site mutants. TamI F92A shows the greatest destabilization 
of ligand binding. Simulations were performed using Amber12/ff99SB-ILDN/GAFF for 600 ns.  

As reported, mutagenesis experiments highlighted the importance of the hydrophobic 

residues within TamI’s active site: F92, L399, and I400. We analyzed the influence of these 

residues on the substrate orientation by performing MD simulations of WT TamI with 1, as well 

as the single point mutants, F92A, L399A, and I400A. We found that the root mean square 

deviation of 1 within these various simulations is much lower in the WT relative to the mutants, 

which shows that the substrate maintains a more stable geometry within the active site (Figures 

2.4C and 2.6). However, 1 occupies many different positions in the active sites of the F92A, 
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L399A, and I400A mutants, suggesting that these residues are essential for generating the proper 

geometry for catalysis.  

The MD simulations provided insights into the binding mode of tirandamycin C in comparison 

to other P450s regarding substrate anchoring, which has been a key component of substrate 

engineering efforts with biocatalytic P450s. Surprisingly, the extensive polar interactions about 

the tetramic acid observed in the crystal structure (Figures 2.2 and 2.3) rapidly relax within the 

first few nanoseconds of the MD simulation, while proximity of the bicyclic ketal to the heme center 

is maintained. Consistent with the experimental data, this observation also indicates that 

hydrophobic interactions around the polyene region are most critical for productive substrate 

binding and catalysis in TamI. These combined biochemical, structural, and computational 

analyses reveal key determinants for binding and catalysis that are distinct from the homologous 

P450 PikC (47% seq id) in which electrostatic interactions between carboxylate side chains 

 

Figure 2.7. Overlay of TamI with PikC and MycCI. Despite the evident similarity in the binding mode of their 
respective substrates, different factors drive molecular recognition in TamI (gray) compared to PikC (cyan, 2C7X) and 
MycCI (magenta, 5FOI). 1 is colored yellow. 

and the desosamine dimethylamino groups are paramount. This was unexpected, given the 

similarity between the active site architecture and apparent substrate-binding mode in the 

complex structures (Figure 2.7). Given the work from related macrolide oxidizing P450s MycC140 

(41% seq idTamI) and TylH141 (35% seq id-TamI), we observe that natural product biosynthetic 
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P450s employ a variety of strategies to accommodate substrates, and that subtle differences can 

have pronounced functional outcomes. In the case of TylH1, mutation of a few key residues in 

the BC and FG-loop region was sufficient to convert a “specialist” enzyme with a narrow substrate 

scope into a “generalist” that could accommodate a variety of glycosylated (e.g., macrolide) and 

nonglycosylated (e.g., macrolactone) substrates’ reminiscent of its homolog MycC1. Future 

exploration of substrate scope and protein engineering in TamI will be enabled by the conceptual 

basis established in this work. 

2.5 Conclusions  

The current structural and computational investigation of TamI demonstrated the overall 

structure, molecular basis of substrate binding, and pattern of sequential oxidation of 1. 

Comparison of these structures highlights the conformational movement upon substrate binding. 

The substrate-bound form of TamI adopts a closed state in which 1 is buried inside the protein 

core consistent with previous reports of substrate-induced conformational changes in P450 

enzymes. The tirandamycin C-bound structure of TamI revealed key residues responsible for 

catalysis. TamI mutational analysis demonstrated that steric and hydrophobic interactions 

mediated by Phe92, Leu399, and Ile400 are critical for 1 oxidation. These experimental 

observations were further verified by MD simulations of the alanine mutants of Phe92, Leu399, 

and Ile400 in which we observed that the substrate samples diverse binding orientations due to 

the loss of hydrophobic and π−π interactions. Overall, these data reveal the dominance of 

hydrophobic interactions with the entire substrate for adequate positioning in the active site. QM 

calculations describe the inherent preference of C10 (secondary allylic carbon) hydroxylation of 

1 in the first oxidation step but displayed no energetic preference for the stereoselectivity in C10 

hydroxylation. MD simulations demonstrate that TamI orients the substrate in a specific geometry 

where the pro-S hydrogen is closer to the ferryl oxygen for abstraction. This observation verifies 

the single stereoisomer isolated from the fermentation broth of Streptomyces sp. 307-9 ΔtamL.12 

QM calculations provide further insights into the energetic preference for the subsequent 
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reactions in the cascade that match the experimentally observed order of oxidation. MD 

simulations with 3 and 4 demonstrated that the substrate binding orientations consistent with 

idealized geometries are preferred in the active site environment. Together these results provide 

detailed information on physiochemical principles that control substrate binding, specificity, and 

selectivity of TamI in catalyzing iterative multistep C−H oxidation of tirandamycin intermediates to 

produce increasingly potent antibiotic molecules.42 This investigation further underscores the 

importance of identifying and exploring multifunctional natural product biosynthetic tailoring 

enzymes that catalyze late-stage C−H functionalization of complex organic compounds. 
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Chapter 3. Expansion of TamI as biocatalyst through increased oxidative power and 

altered selectivity 

3.1 Abstract 

Biocatalysis offers an expanding and powerful strategy to construct and diversify complex 

molecules by C–H bond functionalization.  Cytochrome P450 enzymes represent a versatile 

platform for the controlled functionalization of specific, nonactivated C–H bonds within complex 

organic molecules. 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. 

Previously, we reported the in vitro characterization and structural, biochemical and 

computational investigation of an oxidative tailoring cascade in which TamI, a multifunctional 

P450, functions co-dependently with the TamL flavoprotein to catalyze regio- and stereoselective 

hydroxylation and epoxidation to yield tirandamycin A and tirandamycin B. 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 tirandamycin B from tirandamycin C. 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 engineered 

catalyst-controlled system.  
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3.2 Introduction 

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.1,2 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.3,4 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.5,6,7,8 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.9,10  

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.5 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 MycG11,12 

and Gfsf,13 in the biosynthesis of the macrolide antibiotics mycinamicin and FD-891, respectively, 

and the P450 AurH,14 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 (Figure 3.1).15,16 Tirandamycin comprises a 

small family of structurally intriguing dienoyltetramic acid-containing natural products formed 

through a hybrid polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS) 

system.17 Originally discovered in 1971,18 a total of 15 tirandamycin congeners have been 

reported from various bacterial species including the marine-derived Streptomyces sp. 307-9. We 
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previously characterized new intermediates tirandamycin C (1), E (2) and D (3), in a search for 

lead molecules against the vancomycin resistant Enterococcus faecalis (VRE) and determined 

that the heavily oxygenated bicyclic ketal moiety of tirandamycin is key to bioactivity.15,19 Other  

 

Figure 3.1. Iterative late-stage oxidation reactions catalyzed by the 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. 

biological properties reported for tirandamycin metabolites include potent in vitro activity against 

lymphatic filariasis-causing Brugia malayi adult parasites,20 inhibition of the futalosine pathway 

(an operative pathway in Helicobacter pylori)21 and specific anticancer effects in a Drosophila 

tumor model by inhibition of asparaginyl-tRNA synthetase.22  

Two tailoring enzymes are responsible for the sequential late-stage installation of the 

oxygen functionalities during tirandamycin biosynthesis: the P450 TamI and the flavin oxidase 

TamL (Figure 3.1).15 First, TamI 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 → 2 → 3 → 

4 at low levels without the need for TamL,15 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.15,17  

The promising biological activities and molecular complexity of tirandamycins has attracted 

considerable attention from synthetic chemists for the last 40 years.23,24,25 Although notable routes 
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have been developed for the racemic and enantioselective construction of this synthetic target, 

they rely on extensive functional group manipulation for introducing the oxygen atoms decorating 

the bicyclic moiety. Synthetic approaches often are designed for a specific member of this natural 

product group, with the oxidation level pre-defined at an early stage of the synthesis. Developing 

an approach that employs late-stage oxidations enabled by biocatalyst modification would 

facilitate efficient diversification of tirandamycin molecules for further optimization of 

pharmacological properties. 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 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 engineered catalyst-

controlled system.  

3.3 Computational Methods 

Quantum Mechanics: Conformational searches were performed with the Merck molecular 

force field in Spartan. All QM calculations were performed with Gaussian 09.26 Geometry 

optimizations and frequencies calculations were performed at the B3LYP level with LANL2DZ27 
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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.28 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)29 of the Amber 12 

package30. The Amber-compatible parameters developed by Cheatham et al. were used for 

compound I and its axial Cys ligand.31 Parameters for tirandamycin substrates were generated 

within the antechamber module using the general AMBER force field (gaff)32, with partial charges 

set to fit the electrostatic potential generated at the HF/6-31G(d) level by the RESP model.33 The 

charges were calculated according to the Merz−Singh− Kollman scheme34,35 using Gaussian 09. 

Each protein was immersed in a pre-equilibrated truncated cuboid box with a 10 Å buffer of 

TIP3P36 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).37 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-mesh Ewald38 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, 



 

 36 

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. 

3.4 Results/Discussion 

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 (Figure 3.1, step 1) as the first catalytic reaction.16 

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 a substrate-TamI complex. 

 

Figure 3.2. Active-site residues of TamI located within 5Å of the tirandamycin bicycle and selected for an 
alanine-valine scan. (A) Cartoon representation of TamI in complex with 1 (shown in yellow). The 3 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. 

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 
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selected for an alanine/valine scan by single point mutation (Figure 3.2), generating a total of 13 

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

T299A, T299V and H102V (Figure 3.3). Enzymatic conversions of 1 were conducted in vitro using 

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 these 13 mutants revealed nearly wildtype 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, through a proposed 

interaction between the N of His102 and the oxygen atoms of the ketal group (Figure 3.3A, lane 

11).  

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

new double oxidation congener (11) (Figure 3.3A, 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 varying polarities (7 and 8) (Figure 3.3A, 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 

promiscuity makes L101A a promising starting point toward engineering selective TamI variants 

for the production of each of these new congeners. TamI L295V led to the preferential formation 

of 7, the least polar double oxidation congener indicated above (Figure 3.3A, lane 10), while 

TamI L295A selectively produced two unique triple oxidation products that eluted as a single 

peak (9 and 10) (Figure 3.3A, 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 
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Figure 3.3. 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 Figure 3.1. 

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 mutants. The TamI 

L101A_L295I selectively produced 8 as the major product (Figure 3.3A, lane 12). Following a 
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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 

3.3A, 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 3.3A, lane 13), suggesting it may be an 

intermediate to the more highly oxidized derivatives. The best performing mutants with divergent 

selectivity from wild-type (L295A, L295V, L101A_L295I and L244A_L295I) were chosen for 

further experimental work including biochemical characterization and large-scale enzymatic 

reactions to generate sufficient amounts of the new tirandamycins for structure elucidation and 

mechanistic studies.  

We envisioned engineering a TamI biocatalyst capable of more complete oxidation, 

forming 5 from 1 in a 4-step cascade approach in the absence of TamL. LC-MS analysis revealed 

that mutants L101A, L244A and L295V formed 5 in trace amounts (Figure 3.3A, lanes 7, 8 and 

10). Notably, P450 L244A_L295V converted 1 to 5 in larger amounts than the corresponding 

single mutant forms (Figure 3.3A, 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 oxidized tirandamycin intermediates, enabling a more continuous oxidation 

in the absence of the flavoprotein TamL. TamI L244A_L295V, also referred to as the iterative 

mutant, was selected for additional experimental studies.  

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. This material was employed for 

subsequent preparative-scale enzymatic reactions to obtain sufficient product 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 wild-type enzyme creating new compounds, providing 
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additional knowledge on the TamI mechanism of iterative oxidation and representing new tools 

for selectivity in C-H functionalization and alkene epoxidation.  

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) (Figure 3.4). The 

stereochemistry of 6 was determined based on the observed NOE correlations of H-11 to H-18 

and H-10b. 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  

 

Figure 3.4. 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). 

hydroxylation starting from 1 revealed that the olefin epoxidation is highest in energy by 2.6 

kcal/mol.16 This suggests that the subtle variations in the catalytic environment of TamI 

L101A_L295I and L295A are critical to catalyze 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 (Figure 3.5A). Interestingly, 

L101A_L295I demonstrated two major binding poses: the first similar to the WT with the (S)-C10 
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hydrogen oriented in the correct geometry for C–H abstraction reactivity and the second with the 

correct geometry for the olefin epoxidation to occur. 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 (R)-C10 that was not seen in the WT, as 

more of the MD snapshots show the correct geometry for reactivity. 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 as 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. 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 bicyclic ketal are most critical for redirecting oxidative pathways in TamI 

from an allylic C-H oxidation to an epoxidation event.  

Analogous to wild-type activity, TamI L295V first catalyzed step 1 forming 2 from 1. 

However, the next tailoring step for this variant is step 3 on substrate 2 yielding the double 

oxidation congener tirandamycin M (7, TAM E) (Figure 3.4) as confirmed by structural analysis. 

Although this molecule has been previously isolated from Streptomyces sp. 17944,20 our work 

demonstrates its ability to be produced in vitro using a TamI P450 mutant as a biocatalyst. MD 

simulations were similarly performed with TamI L295V and 2, where after an initial minimization 

to achieve a lower energy conformation, the C11 remained closest relative to comparing 

reactive positions to 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 strain 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 → 7 in vivo. This hypothesis is supported by  
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Figure 3.5. 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 wild-type. The second binding mode (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. 

the observation that when testing 2 with purified TamI WT, 7 is generated albeit as a trace product.   
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After initially catalyzing the most energetically demanding reaction (step 3) on 1 generating 

intermediate 6, TamI L101A_L295I performed step 4 on 6 constructing the double oxidation 

congener named tirandamycin N (8) (Figure 3.4). 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.15,19 The disappearance of the  

 

Figure 3.6. DFT calculations of TamI L101A_L295I regioselectivity. Intrinsic energy for the competing C-H 
oxidation reactions at C10 and C18 with 6 as substrate. 

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 
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3.6). 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 3.5B). 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, 

indicating 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. 

Similar to TamI L101A_L295I, TamI L295A first catalyzed step 3 on 1 producing 6. 

However, the second oxidation for this mutant appears to be step 1 forming 7 as an intermediate 

towards the triple oxidation molecules tirandamycin O (9) and tirandamycin O’ (10) (Figure 3.4) 

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. We suspected that 4 might also be an 

intermediate in this oxidative cascade, however no product was observed when incubating 4 with 

the TamI L295A P450 variant, even at increased catalyst loading.   

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 1D NOE NMR experiments where 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 



 

 45 

with the (S) configuration, assigned based on the H-10 proton showing an NOE with H-17 but not 

H-7.15 Treatment of compound 9 (5:1) with D2O led to no incorporation of deuterium, even after 

extended periods of incubation, suggesting no simple protic-mediated tautomerization is 

happening in the solvent. 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 two experimentally observed isomers were lowest in energy 

suggesting the stereochemical configuration of 9 and 10 are thermodynamically preferred. 

Moreover, MD simulations of TamI L295A with 1 and 6 suggested that the initial C11/12 

epoxidation is favored while the succeeding C10 hydroxylation to yield 7 as a pathway 

intermediate is not. This is explained by the observation that the proximity of the C10 atom of 6 

to the heme iron rapidly relaxed within the first few nanoseconds of the simulation. Further 

mechanistic investigations to elucidate the pathway in which TamI L295A catalyzes exclusive 

formation of 9 and 10 from 6 are ongoing. 

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

pathways oxidizing compounds 1 → 2 → 3 → 4 → 5 in a strict order as observed in the wild-type 

cascade (Figure 3.1) when the oxidative partner TamL is involved.15 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 work39,40 provided a framework for our analysis that includes three 

possible mechanisms (Figure 3.7A). 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 
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Figure 3.7. 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. 

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 
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mechanisms are plausible with this P450 variant. Using previously described methods,16 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 the 2 substrate with the 

active site compared to the WT (Figure 3.7B). This suggests that these mutations allow for more 

movement that is required for the C10 oxidation to occur, as our DFT mechanisms show a shift 

in the binding pose is required to allow the second mechanistic steps to occur.  

Table 3.1. Select Michaelis-Menten kinetic values. 

 

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 

3.1). 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,15 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 3.1, 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 3.1, lane 2). As expected, TamI 

WT is notoriously inefficient at catalyzing the continuous oxidation of 2 to 4 (steps 2 and 3) (kcat/KM 
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= 0.0003 µM-1min-1) (Table 3.1, lane 3). Compared to the wild-type 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 3.1, 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 3 forming 4 with TamI WT and TamI L101A_L295I 

are 0.19 and 0.47 µM-1min-1 (Table 3.1, 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 4 to generate the terminal product 5 with kcat/KM values of 0.102 and 0.004 

µM-1min-1, respectively (Table 3.1, 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 Tam 

WT for hydroxylation of 6 to 8 with kcat/KM values of 0.0044 and 0.0001 µM-1min-1 (Table 3.1, lane 

9), respectively. Iterative TamI L244A_L295V shows an even higher kcat/KM value (0.0196 µM-

1min-1) for catalyzing two distinct oxidative reactions forming a mix of 8, 9 and 10 from 6 (Table 

3.1, lane 10). 

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 3.2). The activities of tirandamycins 1, 3, 4, 5 and and the new congener 

tirandamycin N (8) were comparable to commercial antibiotic erythromycin showing strong activity 

against Gram positive B. anthracis 34f2 and B. cereus. Tirandamycin B (5) also showed enhanced 

activity against S. pneumonia ATCC 49619. Tirandamycin A (4) showed the strongest activity 

against VRE, consistent with previously described results.19 A drastic decrease in activity against 

VRE was observed when testing the new tirandamycin molecules. Poor activity was recorded for 
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Table 3.2. Select MIC values. Tirandamycin 9 contained a minor presence of 10 in the sample in a 5:1 ratio.  

 

all tirandamycin against Gram negative pathogens, except for 1 that showed relatively weak 

activity against E. coli TolC.  

TamI is an iterative bacterial P450 capable of catalyzing three consecutive and highly 

selective oxidation reactions in a strict stepwise manner.15 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 potent bioactivity against human bacterial pathogens B. anthracis 

34f2 and B. cereus, is readily obtained by epoxidation and C18 methyl oxidation, whereas these 

oxidative decorations would normally be challenging to access in a direct fashion without 

competing oxidation of the existing methylene units in the substrate structure.23,24,25 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 
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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 (Figure 3.4). Interestingly, 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,12 an analog 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 epoxidation to take place.11 Moreover, in the iterative P450 GfsF, epoxidation is 

a prerequisite for hydroxylation of the 16-membered macrolactone, with no promiscuity detected 

during the oxidative steps.13 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 RosC41 and XiaM42 that convert a 
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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 plants43 and 

animals.44 While same-site iterative oxidation cascades install functional groups that are critical 

for the bioactivity of secondary metabolites, the ability of TamI for oxidizing multiple carbon atoms 

within a substrate enhances direct access to structure core 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 4,16 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 over step 1 catalysis. Moreover, DFT calculations with 6 

revealed that step 1 is preferred over step 4 (Figure 3.6). 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 3.5B). 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 wild-type) does not sacrifice catalytic 
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efficiency as the variant catalyzes step 3 on 1 with virtually the same Kcat/KM as TamI WT catalyzes 

step 1 on 1 (Table 3.1). 

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 wild-type. These kinetic values 

demonstrate that by facilitating step 2, the TamI variant overcomes the bottleneck reaction of the 

pathway becoming a more efficiency 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 wild-type enzyme.45 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.46 

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 wild-type (Figure 3.7B). In efforts to elucidate the basis of 

improved iterative oxidation in TamI L244A_L295I, we propose two mechanisms for oxidation of 

the allylic hydroxyl of 2 to a ketone either through gem-diol formation or double C-H abstraction 

(Figure 3.7A). Although a similar pattern of reactivity has been reported for the iterative bacterial 

P450 DoxA from the daunorubicin pathway,40,47 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.  

3.5 Conclusions 

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. Small alterations of Leu244, Leu295 and Leu101 in the active site of TamI override 

substrate-controlled reactivity to enable catalyst-controlled iterative oxidation cascades, involving 
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chemically and mechanistically distinct catalytic 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 (as 

seen in the production of 8), reverse the site selectivity between an alkene and allylic C-H bond 

(as seen in the 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 

technology 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.20 Thus, TamI represents a bio-inspiration given that small 

molecule catalysts with the potential for catalyzing both epoxidation and C-H activation are 

typically nonselective and difficult to utilize in controlled iterative processes.48,49,50 Additionally, our 

work provides a potential pathway for further protein engineering efforts on 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, 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 4. Molecular basis for Spirocycle Formation in the Paraherquamide Biosynthetic 

Pathway  

4.1 Abstract 

The paraherquamides are potent anthelmintic natural products with complex heptacyclic 

scaffolds. One key feature of these molecules is the spiro-oxindole moiety that lends a strained 

three-dimensional architecture to these structures. The flavin monooxygenase PhqK was found 

to catalyze spirocycle formation through two parallel pathways in the biosynthesis of 

paraherquamides A and G. Two new paraherquamides (K and L) were isolated from a ΔphqK 

strain of Penicillium simplicissimum, and subsequent enzymatic reactions with these compounds 

generated two additional metabolites, paraherquamides M and N. Crystal structures of PhqK in 

complex with various substrates provided a foundation for mechanistic analyses and 

computational studies. While it is evident that PhqK can react with various substrates, reaction 

kinetics and molecular dynamics simulations indicated that the dioxepin-containing 

paraherquamide L is the favored substrate. Through this effort, we have elucidated a key step in 

the biosynthesis of the paraherquamides and provided a rationale for the selective spirocyclization 

of these powerful anthelmintic agents. 

4.2 Introduction 

The paraherquamide family of natural products contains metabolites isolated from various 

species of Penicillium, including Penicillium paraherquei, 1 Penicillium charlesii, 2 Penicillium 

cluniae, 3 Penicillium fellutanum, 4 and Penicillium strain IMI 332995.5 These molecules are of 

particular interest because of their anthelmintic therapeutic potential, and various analogues have 

been developed to improve their pharmacological properties.6,7,8,9 Derquantel, or 2-deoxy-

paraherquamide A, is currently used in combination with the established anthelmintic abamectin 

to combat gastrointestinal nematode infections in sheep.10 The significant biological activity of this 

family of molecules is complemented by the intriguing biosynthetic chemistry, including 
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intramolecular Diels−Alder cyclization, unusual oxidative substitutions, and spiro-oxindole 

formation. 

 

Figure 4.1. Overview of indole alkaloid products. (a) Indole alkaloid products resulting from the various enzyme 
selectivities for the indole epoxide collapse. (b) Representation of the biocatalyst-controlled facial selectivity of the 
presumed epoxidation of stephacidin A (4) to generate (−)-notoamide B (5) through α-face epoxidation and the 
unnatural diastereomer of 5 through β-face epoxidation. 

Paraherquamide-type molecules belong to a family of fungal indole alkaloids containing a 

unique bicyclo[2.2.2]diazaoctane ring, which is formed through a [4 + 2] intramolecular Diels− 

Alder (IMDA) reaction.11 The spirocycle is a common functionality of many molecules within this 

family, including the marcfortines,12,13 brevianamides,14,15 antiinsectan sclerotiamide,16 and 

cytotoxic notoamides.17 The respective enzymes involved in spirocycle formation are proposed to 

generate an initial C2=C3 indole epoxide with facial selectivity, and controlled collapse of the 

epoxide gives rise to the observed spiro-oxindoles. Very few enzymes responsible for this type of 

reaction within the bicyclo-ring-containing family have been characterized.18 NotB catalyzes the 

2,3-β-face epoxidation of notoamide E (1) to generate the non-spiro-cyclized terminal metabolites 

notoamides C (2) and D (3), which are not IMDA substrates. In this pathway, another flavin-
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dependent monooxygenase, NotI, performs a presumed 2,3-α-face epoxidation of stephacidin A 

(4) in the process of generating the bioactive natural product notoamide B (5) (Figure 4.1a). These 

flavindependent monooxygenases have evolved to perform facially selective epoxidation either 

before or after the IMDA cyclization, resulting in a divergence in the notoamide biosynthetic 

pathway.  

Biocatalytic epoxidation typically occurs through reactions with molecular oxygen, which is 

activated either by a metal ion or flavin adenine dinucleotide (FAD) cofactor.19 The enzyme active 

site orients the substrate for facial selectivity of the epoxidation and, in some cases, subsequent 

collapse of the epoxide in a stereocontrolled manner to generate complex molecular structures 

(Figure 4.1b). Enantioselective oxidation is a common step in the syntheses of many natural 

products and bioactive molecules, including complex alkaloids.20,21 In particular, indole-2,3-

epoxide serves as a synthetic intermediate to rearrangements that generate a variety of products. 

The collapse of this intermediate can be directed by the inherent reactivity of the substrate or 

through a catalyst-controlled mechanism. For example, synthetic methods have been developed 

to favor spirocyclization22,23,24,25 or other oxidized products26 in the total syntheses of select fungal 

indole alkaloids.  

While synthetic methods for enantioselective epoxidation and spirocyclization are rapidly 

improving, the role of biocatalysis for solving synthetic challenges is also gaining greater visibility. 

The inherent selectivity of enzymes is unparalleled in synthetic chemistry, and with each 

enzymatic discovery the biocatalytic toolbox is broadening. In particular, there is evidence that 

oxygenases can be successfully employed in the generation of enantiomerically pure starting 

materials for total syntheses.27 To this end, a few enzymes that catalyze epoxidation and 

subsequent spirocyclization have been identified.  

Of the currently characterized natural products that include spiro-centers, most structures fall 

outside of the bicyclo[2.2.2]- diazaoctane-ring-containing family, and the predicted biosynthetic 

enzymes utilize either metal-dependent radical-based mechanisms28,29 or flavin-dependent redox 
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chemistry (Figure 4.1).30 In some cases, the spirocyclic scaffold is known to be critical for 

biological activity.29 Studies detailing spirocycle formation in the spirotryprostatins revealed 

intricate enzymatic details for this conversion.31 Two distinct routes for the formation of this 

spirocyclic moiety involve either a flavin monooxygenase (with homology to NotB18), which 

employs an indole epoxidation route to generate spirotryprostatin A (6), or a cytochrome P450, 

which employs a radical route to generate spirotryprostatin G (7), both starting from fumitremorgin 

C (8). Crosstalk between the flavin-dependent monooxygenase from the fumiquinazoline 

biosynthetic pathway and enzymes from the fumitremorgin biosynthetic pathway has led to the 

generation of unique diketopiperazine-containing spirocyclic metabolites in Aspergillus fumigatus. 

While these functional studies provided important insights regarding the various mechanisms of 

formation for the spirocyclized natural products, structural data for the key biocatalysts has 

remained elusive.  

The paraherquamide class of natural products contains a spiro-oxindole center within a 

complex heptacyclic ring system. The biosynthesis of these molecules starts with the 

condensation of L-tryptophan and L-β-methylproline,32,33,34 followed by spontaneous oxidation to 

generate zwitterion 9 (Scheme 4.1).35,36 Reverse prenylation at the indole C2 provides prenylated 

zwitterion substrate 10, which is reduced to azadiene 11 and cyclized by the Diels-Alderase11 to 

produce preparaherquamide (12). While precursor incorporation studies demonstrated that 12 is 

incorporated into the final product, (−)-paraherquamide A (13),36 it was unclear whether the 

spirocyclization occurred before or after the formation of the pyran and dioxepin rings. Through 

disruption of phqK in Penicillium simplicissimum using a CRISPR−Cas9 system, we identified that 

12 undergoes a series of oxidation and prenylation reactions to generate paraherquamides K (14) 

and L (15) prior to spirocyclization by PhqK.4,35,36 This enzyme was characterized in vitro as a 

flavin-dependent monooxygenase, which acts on native substrates 14 and 15 to generate  
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Scheme 4.1. Proposed Paraherquamide A (13) and G (18) Biosynthetic Pathways; The Functions of Enzymes 
Highlighted in Red Have Been Confirmed Experimentally11 

 

the corresponding spirocyclized products. Crystal structures of PhqK in complex with its native 

substrates revealed precise substrate orientation to promote selective epoxidation, thereby 

enabling stereospecific formation of the spiro-oxindole moiety.  
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Consistent with previous hypotheses, we have proposed a mechanism based on indole α-

epoxidation and collapse of the putative epoxide at C3 to generate a C2 hydroxyl carbocation.26 

Subsequent migration of the reverse prenyl group from C2 to C3 would generate the 2-oxindole 

product. The work described here provides the first structural data for this unique class of 

spirocycle-forming flavin monooxygenases, and sheds light on biocatalytic control of epoxide 

formation and mode of semipinacol rearrangement. 

4.3 Computational Methods 

DFT calculations: All quantum mechanical calculations were performed with Gaussian 09.37 

Geometry optimizations were calculated with the M06-2X38 density functional with the IEFPCM 

model (water)39, and the 6-31G(d) basis set. Single point energies were calculated using M06-

2X10 with the IEFPCM model (water)39, and the 6-311++G(d,p) basis set. Previous computational 

work on epoxide-opening reactions with similar methods provided results that aligned with 

experiements.40,41 Monte Carlo conformational searches were performed to identify lowest energy 

conformations with the OPLS3 force field42 in Maestro/Macromodel. Structure graphics were 

generated using CYLview.43 

Molecular dynamics simulations: Molecular dynamics (MD) simulations were performed using 

the GPU code (pmemd)44 of the AMBER 16 package.45 Parameters for FAD cofactor and 

paraherquamides K-L (14, 15) were generated within the antechamber module using the general 

AMBER force field (gaff),46 with partial charges set to fit the electrostatic potential generated at 

the HF/6-31G(d) level by the RESP model.47 The charges were calculated according the Merz-

Singh-Kollman scheme48,49 using the Gaussian 09 package.37 Each protein was immersed in a 

pre-equilibrated truncated cuboid box with a 10 Å buffer of TIP3P47 water molecules using the 

leap module. The systems were neutralized by addition of explicit counter ions (Na+ and Cl– ). All 

subsequent calculations were performed using the Amber14 force field (ff14sb).50 The substrate 

and enzyme were optimized for a total of 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, 
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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 

modelled using the particle-mesh-Ewald method.51 An 8Å cutoff was applied to Lennard-Jones 

and electrostatic interactions. Harmonic restraints of 30kcal/(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 fs time step at a constant volume. 

Production trajectories were then run for an addition 1500 ns under the same simulation 

conditions.  

4.4 Results/Discussion 

Parallel efforts were pursued in vitro and in vivo to identify the enzyme responsible for the 

spirocyclization reaction in paraherquamide biosynthesis. Paraherquamides K (14) and L (15) 

accumulated from the ΔphqK strain of P. simplicissimum, indicating that both molecules are 

natural substrates of the enzyme. The in vitro reactions of 14 and 15 with PhqK confirmed their 

conversion into the respective spirocyclized products paraherquamide M (16) and 

paraherquamide N (17). This information provided evidence to support a branched biosynthetic 

scheme where the pyran and dioxepin rings are both formed prior to the spirocyclization (Scheme 

4.1). The identification of two natural substrates for PhqK indicates that functionalization of 12 is 

the divergent step between two parallel pathways leading to paraherquamides G (18) and A (13). 

In the first case, a putative prenyltransferase and oxidative enzyme build the pyran ring, whereas 

the latter involves generation of the dioxepin ring by a poorly understood process.35 PhqK accepts 

both substrates, and thus, the downstream N-methyltransferase and βmethylproline hydroxylase 

must also display the same level of substrate flexibility.  

To obtain further information about the selectivity of PhqK, we employed 

Michaelis−Menten kinetic analysis. Although pyran-containing 14 displayed a higher turnover 
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number (kcat), the Km of 15 (19.4 ± 5.2 μM) was significantly lower than that of 14 (92.1 ± 29.4 

μM). This resulted in nearly equivalent catalytic efficiencies (kcat/Km) for both substrates (0.05 ± 

0.01 μM−1 min−1 for 15 and 0.04 ± 0.01 μM−1 min−1 for 14), but on the basis of the low probability 

that these secondary metabolites are present at saturating concentrations in vivo, we reasoned 

that 15 is likely the favored substrate.  

The high yields and activity of PhqK indicated its potential as a biocatalyst, and thus, the 

substrate scope was analyzed on a series of structurally related malbrancheamide analogues. 

The halogenated malbrancheamides are produced by two fungal species, including the  

 

Figure 4.2. Spirocyclization of malbrancheamides 

terrestrial strain Malbranchea aurantiaca52 and the marine-derived Malbranchea graminicola.53 

The corresponding biosynthetic gene clusters for malbrancheamide (19) and spiromalbramide 

(20) from these two fungi possess 99% amino acid sequence identity.54 Intriguingly, the 

spirocyclized malbrancheamide analogue 20 has been isolated only from the marine fungus.53 

Therefore, we tested the reactivity of PhqK on the halogenated malbrancheamide and analogues 

malbrancheamides B (21), C (22), E (23), and isomalbrancheamide D (24).54 The reactions 

generated a variety of spirocyclized malbrancheamides, including the natural product 20 as well 

as 25−28, indicating that a PhqK homologue in M. graminicola may be involved in 

spiromalbramide biosynthesis (Figures 4.2).53 PhqK catalyzes the formation of products with a 

relative stereochemical outcome matching that identified in the natural metabolites 

(5aR,6aS,12aS,13aS) and demonstrated its ability to accept non-native substrates such as the 
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malbrancheamides. While efficient conversion of the malbrancheamides was achieved, the 

conversion of smaller, less structurally complex substrates was not observed. This indicates an 

evolutionary distinction between early- and late-stage pinacolase enzymes, as previously 

demonstrated in the notoamide biosynthetic pathway.18 

In an effort to improve the efficiency of PhqK, we analyzed reactions in the presence of a 

cofactor regeneration system (glucose-6-phosphate dehydrogenase) and catalase to eliminate 

the detrimental effects of hydrogen peroxide resulting from the flavin redox chemistry. In the 

presence of stoichiometric FAD concentrations, use of the regeneration system and catalase 

significantly increased the conversion of non-native substrates, while the conversions of 14 and 

15 remained unaffected. This system may mimic the enzyme’s natural environment in the 

producing organism, and we expect that with the aid of other enzymes commonly found in fungi, 

PhqK may be more efficient.  

 

Figure 4.3. Changes in the PhqK active-site pocket. From no ligand (a) to accommodate the substrates 
paraherquamide K (14) (b) and L (15) (c). 

With this foundational knowledge, we proceeded to elucidate the molecular basis for 

stereospecificity by analyzing the structure of the enzyme. PhqK was cocrystallized as four distinct 

substrate complexes, bearing the natural pyrancontaining 14 (1.89 Å) and dioxepin-containing 15 

(2.09 Å) and non-native substrates monochlorinated malbrancheamide B (21) (1.69 Å) and 

monobrominated malbrancheamide C (22) (1.25 Å). A ligand-free structure was also obtained 

(1.71 Å), aiding the visualization of how the active site changes to accommodate the hexa- and 
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heptacyclic alkaloids (Figure 4.3). The FAD binding pocket and substrate binding pocket are 

connected by a long tunnel that appears to put significant distance between the cofactor and the 

substrate. This can be explained by the well-characterized flavin dynamics described in previous 

work.55,56 Flavin monooxygenases commonly display a dynamic cofactor  

 

Figure 4.4. Modeled cofactor dynamics in PhqK. Flavin dynamics were modeled from the HpxO crystal structure 
(FAD and substrate in lavender) (PDB entry 3rp7) to depict the “in” conformation of the flavin relative to the substrate 
position. The surface representation of PhqK is shown along with the substrate and FAD from the PhqK structure 
(orange). Substrates 14 (a) and 15 (b) are shown in green and teal, respectively. 

with an orientation that is dependent on discrete parameters, including substrate binding or 

cofactor oxidation state. In both substrate-bound and -unbound PhqK structures, the flavin was 

observed in the “out” conformation. It is hypothesized that the “in” conformation may be induced 

by reduction of the FAD cofactor, but our attempts to obtain a structure bound to reduced flavin 

using sodium dithionite and NADH were unsuccessful. As an alternative, we modeled the “in” 

conformation of the cofactor from HpxO57 into the PhqK structure (Figures 4.4 and 4.5). HpxO is 

a FAD-dependent urate oxidase from Klebsiella pneumoniae, and its secondary structure 

overlays well with that of PhqK (26% sequence identity, root-mean-square deviation = 1.54 Å), 

with the major differences attributed to FAD conformation. Divergence in the FAD 

monooxygenase family is based on evolutionary domain fusion events leading to differences in 

the substrate binding pocket and reactivity.58 Thus, this structural similarity in the cofactor binding 

region is expected.  
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Figure 4.5. Various PhqK cocrystal structure overlays. (a) Overlay of PhqK cocrystal structures. The structures 
are complexed with 14 (green) and 15 (teal). (b) The “in” FAD cofactor was modeled from the HpxO structure (PDB 
entry 3rp7) into the PhqK cocrystal structure with 15, where FAD C4a is perfectly aligned to perform the epoxidation 
of the indole C2=C3. 

When inspecting the overlay of PhqK with HpxO, we observed that the main changes are 

localized to the substrate-binding region, where two loops, one near the cofactor and one near 

the substrate, are altered in HpxO. Whereas the FAD cofactor in the PhqK structure is in the “out” 

position, the FAD in HpxO is in the “in” position, making it a suitable model for generating a visual 

representation of this phenomenon in PhqK. The “in” flavin from HpxO was modeled into the PhqK 

structure and fit well in the active-site tunnel. In this orientation, the C4a-OOH-FAD would reside 

sufficiently close to the substrate (6.5 Å between C4a and indole C2/C3) to catalyze epoxidation 

at the indole C2=C3 position (Figures 4.4 and 4.5).  

Inspection of the substrates in PhqK structural complexes revealed that each one binds in 

the same manner except for 15, which is oriented for direct α-epoxidation. It is possible that the 

individual substrates sample both conformations in solution. Since 15 appears to be the favored 

substrate, it may preferentially bind in the active conformation, explaining why we captured that 

pose in the crystal structure. We performed 1500 ns MD simulations, which demonstrated that 15 

maintains a more rigid binding pose with better facial selectivity for epoxidation. By contrast, 14 
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is more flexible within the binding pocket and adopts less productive conformations for 

epoxidation (Figure 4.6).  

 

Figure 4.6. MD simulations of PhqK. Overlay of the top five clusters in 1500 ns MD simulations of 14 (left) and 15 
(right). 

Site-directed mutagenesis experiments revealed the importance of specific amino acid 

residues in the active site. Most of the mutants led to significant losses in flavin incorporation 

within the protein and a decrease in enzyme stability. Mutation of certain active-site residues 

abolished the enzyme activity, indicating that they may perform essential catalytic roles. For 

example, Gln232, which interacts with the indole N−H, is necessary for conversion of both 14 and 

15 to the corresponding spiro-oxindole forms. Substitutions of alanine and glutamate at this site 

abrogated the catalytic activity toward 15, while 14 exhibited about 2% conversion. Additionally, 

Arg192 and Asp47 are two essential amino acid residues within the tunnel between the substrate 
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and cofactor. When Arg192 was substituted with alanine and lysine, 15 was not converted to 

product, while 14 showed 5−10% conversion.  

 

Figure 4.7. Essential amino acids in the PhqK active site. The cocrystal structure of PhqK with paraherquamide L 
(15) is shown, displaying the active-site residues that are pertinent to the activity. The FAD is modeled in the “in” 
orientation. 

The substitutions of alanine and asparagine for Asp47 also led to a complete loss of 

activity. All of these residues are located on the indole N−H side of the substrate and thus could 

play a role in directing the collapse of the epoxide and semipinacol rearrangement to this side of 

the molecule. Arg192 clashes with the modeled “in” flavin, indicating that it must move in concert 

with the swing of the cofactor. We hypothesize that Arg192 moves closer to the substrate upon 

epoxidation and can serve as a general acid to catalyze epoxide opening (Figure 4.7). The 

distance between Arg192 and the indole C2 is around 7 Å. With full extension of Arg192, it would 

be close enough to the substrate to facilitate general acid catalysis (Figure 4.7 and Scheme 4.2). 

An analysis of Arg192 using PROPKA on the PDB2PQR server59  
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Scheme 4.2. Free Energies (Calculated at the M06-2X/6-311++G(d,p)-ECFPCM(water)//M06-2X/6-31G(d)-
IEFPCM(water) Level) for Various Models (Red, Blue, Green) with the Arg192 General Acid (Modeled by a 
Guanidinium Moiety)-Catalyzed Epoxide Ring-Opening Mechanism; Initial Protonation of the Epoxide Leads 
to Ring Opening To Form a Hydroxy Cation (31 and 34), and Deprotonation Accompanies the 1,2 Shift To 
Generate the Final Spirocycle Product 

 

indicated that the pKa of this general acid decreased as the conformation of the enzyme 

approached the catalytically competent pose. The well-established conformational flexibility of 

arginine and the dynamics of these flavin-dependent enzymes are indicative of a drastic change 

in the active site during catalysis. As we observed a decrease in the pKa value upon binding of 

15 in a more catalytically competent pose, we hypothesize that once the FAD cofactor moves to 

the “in” position, the environment of this hydrophobic pocket would be to lower the pKa of Arg192 

for the protonation event.  

Next, we performed density functional theory (DFT) calculations to explore different 

mechanisms and indole substituent effects on epoxide ring opening for the generation of the spiro-

oxindole products. Our calculations involved the truncated indole fragment 29 as a model 
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substrate with varying methoxy substitutions to model the electronic effects of substrates 14 and 

15 (Scheme 4.2). Under general acid catalysis by Arg192 (modeled by a guanidinium moiety), 

the epoxide opening step in Route 1 is preferred over Route 2 when there is a C6 methoxy 

substituent because of the additional electronic stabilization of C2 hydroxyl carbocation 31, 

whereas in the alternative pathway C3 hydroxyl carbocation 34 does not benefit from this 

stabilization.  

While this substitution plays a role, the subsequent carbon bond migration is the rate-

limiting step. We evaluated the effect of the general acid and the indole substitutions on the Gibbs 

energy of the transition state (Figure 4.8). The general acid, Arg192, significantly lowers the 

barrier by 6.5 kcal/mol for Route 1 and 3.9 kcal/mol for Route 2. While both Routes 1 and 2 have 

lower barriers, Route 1 always has a lower transition state Gibbs energy, regardless of the 

substitution pattern, because of the ground-state stabilization of C3 hydroxyl carbocation 34 in 

Route 2. This indicates that the formation of the experimentally observed spiro-oxindoles is 

intrinsically preferred and that PhqK lowers the transition state energy for this 1,2 shift through a 

general-acid-catalyzed mechanism. 

4.5 Conclusions 

The spiro-oxindole moiety occurs in a variety of natural products, and its biosynthesis is 

of significant interest because of the therapeutic potential of these metabolites.29 The spirocyclic 

scaffold has increasingly been utilized in the drug development process because of its unique 

structural attributes.60 Additionally, the chemistry of the reaction is intriguing from a biochemical 

standpoint because of the numerous factors contributing to the selectivity. A variety of enzymes 

have been found to catalyze spirocycle-forming reactions, including copper-dependent oxidases, 

cytochromes P450, and FAD-dependent monooxygenases. In the metal dependent 
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Figure 4.8. General-acid-catalyzed transition states for the 1,2 shift on the C2 hydroxyl carbocation and C3 
hydroxyl carbocation on a paraherquamide model system. Various indole substituents are modeled (red, blue, 
green) compared with a model without general acid (black). Energies are given in kcal/mol and distances in Å. 

enzymes, the reaction is proposed to proceed through a radical-based mechanism, while the 

flavin-dependent enzymes proceed through FAD redox chemistry.  

We have characterized the FAD-dependent monooxygenase PhqK as the spirocycle-

generating enzyme within the paraherquamide biosynthetic pathway. Through elucidation of this 



 

 74 

key step, we have developed a revised biosynthetic scheme for the production of 

paraherquamides A and G in which spirocyclization occurs after formation of the pyran and 

dioxepin moieties. We have demonstrated that PhqK accepts both 14 and 15, confirming the 

existence of two parallel pathways (branching from 12) within the paraherquamideproducing 

Penicillium strains. While both substrates are accepted by the enzyme, the kinetic data and 

molecular dynamics simulations indicate that 15, bearing the dioxepin, is likely the favored 

substrate in vivo. This provides evidence that the difference in the orientation of 15 observed in 

the PhqK cocrystal structure is due to its persistence in the catalytically competent pose, whereas 

the less favored substrates might occupy a resting state until the flavin redox chemistry is initiated. 

The orientation of the molecule within the active site sets the selectivity for α-epoxidation, as 

demonstrated by the 15-bound structure.  

Moreover, directed collapse of the initial 2,3-indole epoxide is likely mediated through general 

acid catalysis via Arg192 and has an energetic preference for migration of the prenyl group to C3 

with oxidation at C2 of the indole. This is in excellent agreement with results for a similar system 

in the brevianamide family, where the authors observed exclusive formation of the indoxyl product 

36 resulting from the C3 hydroxyl carbocation.61 From DFT calculations, they concluded that the 

enzyme should favor a general base mechanism via a glutamate residue. This makes the 

transition state barrier lower for the 1,2 shift involving the C3 hydroxyl intermediate 34 compared 

with the general acid mechanism, which favors the product from C2 hydroxyl intermediate 31. 

These results indicate that stereo-control of the spiro-oxindole product results from the 

mechanistic mode dictated by the particular enzyme rather than a substituent effect on the indole 

ring.  

The current study has provided new insights into the structure and mechanism of flavin-

dependent spirocycle-generating enzymes, and the evidence supports selective epoxidation of 

the indole C2=C3 followed by stereoselective collapse of the epoxide. While PhqK catalyzes 

spirocyclization at a late stage in paraherquamide biosynthesis, homologous enzymes within the 
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brevianamide, notoamide, and other indole alkaloid pathways can generate semipinacol 

rearrangement products with varying stereochemistry or bearing nonspirocyclic functionality.18,61 

Some of these transformations even require multiple enzymes, while PhqK operates as a dual-

function oxidase/pinacolase to generate the spirocyclized paraherquamides. 
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Chapter 5. A shared mechanistic pathway for pyridoxal phosphate-dependent arginine 

oxidases  

5.1 Abstract 

The mechanism by which molecular oxygen is activated by the organic cofactor pyridoxal 

phosphate (PLP) for oxidation reactions remains poorly understood. Recent work has identified 

arginine oxidases that catalyze desaturation or hydroxylation reactions. Here we investigate a 

desaturase from the Pseudoalteromonas luteoviolacea indolmycin pathway. Our work, combining 

X-ray crystallography, biochemical, spectroscopic, and computational studies, supports a shared 

mechanism with arginine hydroxylases, involving two rounds of single-electron transfer to oxygen 

and superoxide rebound at the 4′ carbon of the PLP cofactor. The presence or absence of a 

preorganized water molecule in the active site is then proposed to control the final reaction 

outcome. This mechanism provides a unified framework to understand how oxygen can be 

activated by PLP-dependent enzymes for oxidation of arginine and elucidates a shared 

mechanistic pathway and intertwined evolutionary history for arginine desaturases and 

hydroxylases.  

5.2 Introduction  

Pyridoxal phosphate (PLP)-dependent enzymes rarely react with oxygen, but an emerging 

group of oxygen-, PLP-dependent enzymes oxidize L-arginine. Two types of oxidases are known: 

hydroxylases and desaturases. We demonstrate that arginine desaturases have a minor 

hydroxylase activity, then show through X-ray crystallographic, mutagenesis, spectroscopic, and 

computational studies that their mechanism involves two rounds of single-electron transfer to 

oxygen and superoxide rebound, ultimately giving a conjugated hydroperoxyl intermediate. Water 

can attack to give a hydroxylated product and release H2O2; but with water absent, the 

intermediate is deprotonated, instead giving a desaturated product and H2O2. Our works outlines 
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the unique mechanism and evolutionary history of these enzymes and sets the stage toward 

engineering these enzymes to catalyze novel oxidative reactions.  

 

Figure 5.1. Scheme of O2- and PLP-dependent arginine oxidase reactivities. [M+H]+ masses are given below 
observed products. The Ind4-coupled reaction with Ind5 from the indolmycin biosynthetic pathway is also shown. 

Enzymes that use molecular oxygen as a co-substrate normally employ metal or redox-

active cofactors to enable single-electron transfers. By contrast, cofactors like pyridoxal 

phosphate are more rarely employed for O2-dependent reactions. Nonetheless, arginine oxidases 

have emerged as a group of O2-, PLP-dependent enzymes that are found in biosynthetic 

pathways to heterocyclic natural products indolmycin, enduracididine, and azomycin. All 

characterized arginine oxidases are members of the aspartate aminotransferase protein family.1 

Among arginine oxidases, there are two groups: the desaturases and the hydroxylases. The 

desaturases are exemplified by Ind4, which converts L-arginine (1) to 4,5-dehydro-2-

iminoarginine (2), a net four-electron oxidation reaction2. The hydroxylases are exemplified by 

SwMppP/RohP, enzymes that convert 1 to (S)-4-hydroxy-2-ketoarginine (3), as demonstrated 

through crystallographic trapping experiments (Figure 5.1)3,4,5. Both the desaturases and 

hydroxylases also share a two-electron oxidized product, 2-ketoarginine (4), as well as similarities 
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in their spectroscopic features, including two intermediates observed to have UV-Vis maxima at 

510-515 nm and 560-567 nm, respectively2,3,5. Recent work has demonstrated that the 

hydroxylase enzymes, like the desaturases, are oxidases, with the hydroxyl group in 3 coming 

from water, rather than from molecular oxygen4,5. This result suggests that the desaturases and 

hydroxylases may traverse through similar unsaturated intermediates. However, the relationship 

between these two groups of enzymes remains underexplored, and mechanistic insight into how 

oxygen is used in either group is unknown.  

Here we explore the relationship between these two types of arginine oxidases with the 

intention of unveiling the shared and distinctive mechanistic details for these two types of 

enzymes. Through phylogenetic, structural, and biochemical characterization, we demonstrate 

that these two groups of enzymes are more highly similar to one another than previously thought, 

despite catalyzing different major reactions. Importantly, the presence or absence of a 

preorganized water likely plays a critical role in delineating product outcome. Furthermore, 

computations suggest that there may be a superoxide rebound onto the 4′ carbon of the PLP 

cofactor. This result raises the exciting possibility that this reaction has no theoretical requirement 

to employ L-arginine as a substrate and could be evolved to emerge in aminotransferases specific 

to other substrates. 

5.3 Computational Methods 

Density Functional Theory (DFT) calculations: All quantum mechanical calculations were 

performed with Gaussian 096. Geometry optimizations were calculated with the B3LYP7,8,9,10 

density functional with the IEFPCM model (diethyl ether)11, and the 6-31G(d) basis set for the 

truncated model system (6-14) and imine and enamine system (15-16). Free energy corrections 

were calculated using Truhlar’s quasiharmonic approximation12,13. Single point energies were 

calculated using M06-2X14 with the IEFPCM model (water)11, and the def2-tzvpp basis set for the 

truncated model system (6-14) and with IEPPCM (diethyl ether)11, and the 6-311++G(d,p) basis 

set for the imine and enamine system (15-16). Monte Carlo conformational searches were 
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performed to identify lowest energy conformations with the OPLS3 force field15 in 

Maestro/Macromodel16. Structure graphics were generated using CYLview17. 

Molecular Dynamics (MD) simulations: The hydroperoxyl intermediate 15 was manually 

docked in Plu4 chain A (intermediate-bound structure) and in RohP (PDB: 6C3D) active sites by 

overlying and replacing the crystallized quinonoid I and quinonoid II structures, respectively. The 

dimeric forms of both systems were used. Amino acid protonation states were predicted using the 

H++ server (http://biophysics.cs.vt.edu/H++)18. These structures were used as starting points for 

Molecular Dynamics (MD) simulations in explicit water, performed using the AMBER18 

package19. Parameters for the hydroperoxyl intermediate 15 were generated within the 

antechamber and module in AMBER18 package using the general AMBER force field (gaff)20, 

with partial charges set to fit the electrostatic potential generated at the B3LYP/6-31G(d) level by 

the RESP model21. The charges were calculated according to the Merz–Singh–Kollman 

scheme22,23 using the Gaussian 09 package6. Each dimer was solvated in a pre-equilibrated cubic 

box with a 10-Å buffer of TIP3P24 water molecules using the AMBER18 leap module, resulting in 

the addition of ∼24,000 solvent molecules. The systems were neutralized by addition of explicit 

counterions (Na+ and Cl−). All subsequent calculations were done using the AMBER force field 

14 Stony Brook (ff14SB)25. A two-stage geometry optimization approach was performed. The first 

stage minimizes the positions of solvent molecules and ions imposing positional restraints on 

solute by a harmonic potential with a force constant of 500 kcal mol−1A−2, and the second stage 

is an unrestrained minimization of all the atoms in the simulation cell.  

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 the hydrogen 

atoms was kept fixed. Long-range electrostatic effects were modelled using the particle-mesh-

Ewald method26. An 8 Å cutoff was applied to Lennard–Jones and electrostatic interactions. 

Harmonic restraints of 30 kcal·mol–1 were applied to the solute, and the Langevin equilibration 

http://biophysics.cs.vt.edu/H
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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 fs time step at a constant pressure of 1 atm and temperature of 300 

K without restraints. Once the systems were equilibrated in the NPT ensemble, production 

trajectories were then run for an additional 500 ns (0.5 µs) under the NVT ensemble and periodic-

boundary conditions. A total of 6 independent replicas of 500 ns for each studied system were 

performed (6 x 500 ns = 3000 ns (3 µs) accumulated simulation time for each system). 

Trajectories were processed and analyzed using the cpptraj27 module from Ambertools utilities. 

5.4 Results/Discussion 

To elucidate the determinants of catalysis in arginine desaturases, we attempted to solve the 

X-ray crystal structure of Ind4. When we were unable to crystallize Ind4, we focused on Plu4, 

encoded in the indolmycin gene cluster from Pseudoalteromonas luteoviolacea28 and which has 

32 % sequence identity to Ind4. Using liquid chromatography-mass spectrometry (LC-MS) 

analysis, we found that purified Plu4 performs an identical reaction to the one catalyzed by Ind4, 

producing 174 m/z and 172 m/z signals in the presence of catalase and 1 (Figure 5.2a), 

corresponding to expected [M+H]+ ions for 4 and 5, respectively. We also found that this reaction 

likely traverses through 2 because we observed the corresponding [M+H]+ 171 m/z signal during 

shorter reaction times. In steady-state kinetic analyses using an oxygraph, Plu4 was most active 

at a pH of 8.5-9.0. When assayed using TAPS buffer (I = 0.1; pH 8.5) at 25 °C, Plu4 had KM and 

kcat values of 12 ± 1 µM and 12.9 ± 0.3 min-1, respectively, for L-arginine and KM and kcat values 

of 15 ± 1 µM and 14.9 ± 0.3 min-1, respectively, for O2 (Figure 5.2b and 5.2c). Altogether, these 

data support that Plu4 is a new member of the arginine desaturases, consistent with its predicted 

function in indolmycin biosynthesis in P. luteoviolacea.  
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Figure 5.2. Plu4 reaction products and kinetics. (a) LC-MS analysis of Plu4 reaction with 1. (b and c) Steady-state 
kinetic analyses of the Plu4-catalyzed reaction, with the lines representing fits of the Michaelis-Menten equation to the 
data: dependence of initial velocity on (b) 1 and (c) O2. Concentrations were measured by the rate of oxygen 
consumption. (d) Structures of OPD-derivatized products and their corresponding [M+H]+ signals. (e) Comparison of 
Plu4 and SwMppP products as extracted ion chromatograms from LC-MS after 20 min OPD-incubations. (f) 
Comparison of OPD-derivatized products from several desaturases and SwMppP. Traces are extracted ion 
chromatograms at 262 m/z from LC-MS. Peaks corresponding to 3 are highlighted in green, while peaks corresponding 
to 4 and 5 are highlighted in blue in (e) and (f). 

In addition to this main reaction, we noticed a minor peak at 190 m/z, which matches the 

[M+H]+ signal for 3 (Figure 5.2a). To determine the identity of this side-product, we used o-

phenylenediamine (OPD) to derivatize the products of the Plu4 reaction and separate them by 

LC-MS (Figure 5.2d). Analysis of the derivatized products revealed a small peak with the same 

[M+H]+ signal of 262 m/z and retention time as derivatized 3 from SwMppP (Figure 5.2e), 

suggesting that the structure could also be OPD-derivatized 3. The new peak we observed in the 

Plu4 reaction did not appear when the enzyme or 1 was omitted, or when the enzyme had been 
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boiled, suggesting that it arises from an enzymatic process involving 1. To further validate that it 

arises from an enzymatic reaction, we demonstrated that the peak does not increase when the 

enzyme is removed and that this side product forms by incorporating an 18O-label from H2
18O, as 

in the SwMppP and RohP reactions4,5. We then revisited whether this peak is seen in reactions 

with other homologs (Figure 5.2f), and demonstrated the presence of this minor product under 

the same reaction conditions in the seven Ind4/Plu4 homologs available to us. We then tested 

whether the [M+H]+ signal of 244 m/z, consistent with OPD-derivatized 4,5-dehydro-2-

ketoarginine (5), was present in SwMppP reactions. While this peak is present with SwMppP, we 

observed that this peak comes mainly from a non-enzymatic dehydration reaction of the 

hydroxylated product, with the m/z 244 peak appearing concurrent with the disappearance of the 

m/z 262 during longer incubation times. We quantified Plu4 products by HPLC using a shorter 

incubation time of 3 min, determining that the amount of derivatized 3 is ~35-fold less than the 

peak corresponding to derivatized 4 and 5. By contrast, in SwMppP, the production of derivatized 

3 is ~1.7-fold less than derivatized 4 and 5, suggesting a bona fide difference in reaction outcome 

for each enzyme.  

The production of a minor hydroxylated product from Plu4 and other characterized 

desaturases suggests a close relationship between the desaturases and the hydroxylases. To 

probe the relationship between the two types of arginine oxidases, we made sequence similarity 

networks (SSNs)29. Using Ind4 as a query, an initial SSN with a threshold of 10-30 was made with 

the top thousand sequences and showed that the known arginine oxidases are isolated from other 

top hits, which are uncharacterized bacterial aminotransferases (Figure 5.3). An SSN with a 

threshold of 10-65 was then made using only the 296 sequences available from UniProt that 

clustered with the known arginine oxidases, revealing three distinct groups (Figure 5.3). We also 

analyzed the genomic contexts of each of these nodes to assign probable function based on 

neighbouring genes. Over 14 different gene organizations were observed. Among these, four 



 

 88 

gene organizations – enduracididine, azomycin, mildiomycin, and indolmycin – have known 

functions and are therefore annotated in Figure 5.3.  

 

Figure 5.3. Sequence similarity network analysis for the arginine oxidases. Each node represents a different 
enzyme from the UniProtKB database and edges represent sequence similarity relationships. Node shapes represent 
the characterized function of the enzymes, while node colours indicate information about surrounding genes in the 
genome. Previously characterized nodes and newly characterized Plu4 are labelled. Dashed boxes indicate nodes 
used for smaller networks at a higher threshold cut-off. These smaller networks at thresholds of 1x10-65 and 1x10-85 are 
shown as inset boxes. Each predicted reactivity group is labelled as I-III. 

The annotated SSN showed that hydroxylases and desaturases do not neatly separate 

into two groups. The main Group I, separated at a threshold of 10 -65, consists of diverse gene 

clusters and previously characterized activities. Group I was further analyzed at a 10 -85 threshold, 

revealing three isofunctional sub-groups Ia, Ib, and Ic (Figure 5.3). Group Ia contains enzymes in 

both azomycin and mildiomycin-like gene clusters30,31, including the previously characterized 

hydroxylase, RohP. Group Ib consists of enzymes in indolmycin-like gene clusters from 

Streptomyces, such as previously reported desaturases Ind4 and Pel4 (2). Genomic 

neighborhood analysis of nodes within Group Ib showed obligatory pairings of the arginine 

desaturase genes with an ind5-like gene and in some cases a nearby ind3-like gene, suggesting 

a bona fide role for an arginine desaturase. The function of Group Ic nodes and their associated 
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gene clusters are unknown. The other major groups are Group II, which consists of enzymes in 

enduracididine-like gene clusters, including the characterized hydroxylase, SwMppP, and Group 

III, which contains Plu4 and other enzymes co-localized with plu5-like genes and sometimes ind3-

like genes. These co-localized genes suggest that many members of Group III could also function 

as arginine desaturases. Sequence similarity patterns and phylogenetic trees of the arginine 

oxidases suggest that either the hydroxylase activity or the desaturase activity emerged on at 

least two different occasions during evolution (Figure 5.3). This phylogenetic relationship could 

make elucidating the mechanism of differentiation challenging because there could be more than 

one evolutionary pathway that each group took to reach the same reactivity. 

Our biochemical and bioinformatics analysis shows a complex evolutionary relationship 

between the desaturase and hydroxylase activities. To better understand the relationship between 

the two types of enzymes, we crystallized Plu4 and collected datasets of Plu4 crystals soaked 

with PLP and/or L-arginine in aerobic conditions. During these soaking experiments, we observed 

crystals change from yellow to orange and back to yellow, and we froze crystals at multiple time-

points. The resulting crystal structures were solved by molecular replacement using RohP (PDB 

ID: 6C3D) as a search model.  

We obtained a holo-enzyme structure of Plu4 at 2.0 Å resolution from soaking a crystal 

with 2 mM PLP for 2 h. This crystal shows the characteristic 415 nm peak for the Schiff base, as 

observed by UV-Vis data on the crystal itself (Figure 5.4a). This structure is a homo-dimer with 

an overall fold that matches SwMppP (5DJ1)3, RohP (6C3B)5, and other fold-type I PLP-

enzymes32,33. Each monomer in the dimer contains a large domain (residues Asp31-Phe270) and 

small domain (residues Gly271-Lys381). The N-terminal helix (residues Met1-His30) is located at 

the dimer interface and helps enclose the active site. In contrast to holo-RohP and holo-SwMppP, 

where the N-terminal region is disordered or pointed completely away from the active site, the N-

terminus of holo-Plu4 is fully ordered and closed over the active site.  However, the ordering of 

the N-terminal helix in Plu4 may be the result of crystallographic contacts between asymmetric  
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Figure 5.4. X-ray crystal structures of Plu4. (a) Holo enzyme. (b) Quinonoid I structure. (c) Product 2-bound 
structure. The left image shows the overall fold, the middle panel shows the active site view, and the right panel shows 
microspectrophotometer UV spectra obtained from the crystal used for X-ray crystallographic data collection and the 
corresponding molecules built into the active site. The PLP cofactor is shown with magenta carbons. 

units and areas near the N-terminus, creating a smaller cavity around the N-terminal helix for Plu4 

than for RohP and SwMppP, which may result in restricted movement and reduce disordering of 

this helix. 

The holo-enzyme contains the internal aldimine form of the PLP-cofactor, attached to 

Lys219 via a Schiff base. The PLP cofactor is also held in place by Asp187, which interacts with 

the nitrogen of the PLP-pyridine ring33 and by Asn159, which interacts with the phenolic oxygen34. 
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Furthermore, the phosphate group of PLP interacts with the Ala87 backbone nitrogen and the 

side chains of Ser88, Lys227, and His27. The majority of the active site residues are identical 

between the holo-RohP, holo-SwMppP, and holo-Plu4 structures, but some residues, including 

His27, Asp25, Phe112, Asn114, Leu115, and Phe190, are observed in different conformations in 

holo-Plu4 compared to the hydroxylases.  

We obtained a Quinonoid-bound structure of Plu4 to 1.9 Å resolution by soaking a Plu4 

crystal with 3 mM L-Arg and 2 mM PLP for 8 minutes, during which the crystal changed from 

yellow to orange. By microspectrophotometer analysis, this crystal showed a major peak 

absorbance at λmax 510 nm and a minor peak at λmax 578 nm (Figure 5.4b). In Ind4, the 511 nm 

species, which showed O2-dependent decay, was assigned as a quinonoid (Quinonoid I) via 

rapid-scanning stopped-flow spectrophotometry experiments. These studies also suggest that the 

567 nm species is a more conjugated quinonoid (Quinonoid II), which is also likely to show O2-

dependent decay2. When refinement was nearly complete, including placement of waters, five 

possible intermediates were built into the active site density. The Quinonoid I intermediate was 

chosen for the final structure based on the dominant UV microspectrophotomer signal observed 

at 510 nm; however, it is likely that a mixture of intermediates was present given the additional 

signal at 578 nm. Although large structural changes can sometimes be observed in Fold-type I 

PLP enzymes upon ligand binding35,36, there were no major changes between the holo-structure 

and the intermediate-bound structure.  

Comparing the internal aldimine of the holo-enzyme with the Quinonoid ligand of the 

intermediate-bound structure, the PLP cofactor rotates away from Lys219 by 23.8, anchored by 

the heterocyclic nitrogen and phosphate group. Additionally, the bond between carbon and 

oxygen from the phosphate group rotates to accommodate this movement. In this structure, 

Lys219 is released from the imine bond and forms a polar interaction with His27, Asp216 and the 

PLP phosphate group, facilitated by a water molecule. With the addition of substrate, new polar 

contacts are formed between the substrate and surrounding residues, including Thr10 and Glu13 
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from the N-terminal helix with the guanidine and carboxylate groups of 1, respectively, and 

Arg354, which forms a strong salt-bridge interaction with the carboxylate group of 1. Glu13 and 

His27 are within 4 Å of carbons 4 and 5 of the intermediate. All other residues surrounding the 

active site appear to be unchanged in response to formation of the Quinonoid I. 

Finally, we obtained a 2.5 Å resolution product-bound structure by soaking a Plu4 crystal 

with 2 mM PLP and 2 mM L-Arg for 16 h, during which the crystal changed from yellow to orange 

and back to yellow. The microspectrophotometer data showed a peak at 413 nm, indicative of an 

internal aldimine (Figure 5.4c). Again, there were no large structural changes observed in this 

structure compared to the holo-structure or the intermediate structure. However, segments of 

external loops (Asp302-Glu303 in Chain A and Gly293-Thr294 and Asp302-Glu303 in Chain B) 

became disordered in the product structure. Only one chain in each dimer in the asymmetric unit 

had electron density corresponding to a product in the active site. Before modelling any products 

in this density, we performed density functional theory (DFT) model calculations to determine 

which tautomeric form of the four-electron oxidized product was the most stable. Surprisingly, the 

imine form was calculated as more stable, despite the enamine form being more conjugated. 

Therefore, the isomer 2 was modelled into Chain A, where it fit well to the density. For Chain C, 

the other product 4 was modelled because it fit better into the electron density better than 2. When 

modelled into the active site, the imine of 2 and the ketone of 4 were pointed toward the 

carboxylate group of Glu13, in contrast to the interaction between the corresponding Glu and a 

product carboxylate oxygen in product-bound structures of RohP and SwMppP. We determined 

that this unexpected binding conformation is energetically feasible through docking both products 

into their respective active sites. These binding modes are triggered by the strong interaction 

between the product carboxylate group and Arg354. The active site residues are, again, highly 

similar to the previous holo- and intermediate structures, with reformation of the internal aldimine 

making the position of the PLP cofactor comparable to the holo-enzyme conformation. 
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Guided by our crystallographic studies of Plu4 and previous mutagenesis on the PLP-

dependent arginine oxidases, we hypothesized that His27 and Asp225, two highly conserved 

active site residues, could play a role in the second oxidative step. Indeed, mutagenesis of the 

His residue in RohP has implicated it in the catalysis of the second oxidation5. We mutated His27 

and nearby conserved residue Asp25, along with Asp225 to determine their effect on catalysis. 

In the H27A, D225A, D225N, and D25A variants, the first oxidation product 4 is still made, but the 

second oxidation product 5 is not. By contrast, the D25N variant had the same product profile as 

the wild-type enzyme, suggesting that Asp25 does not have an essential role in catalysis but may 

play a structural role during the second oxidation. While this result provides strong evidence that 

His27 and Asp225 are involved in catalysis during the second oxidative step, their specific role is 

still unclear. Glu15 in SwMppP, which corresponds to Glu13 in Plu4, was shown to be important 

in formation of 3 through mutagenesis studies5. While we did not test the corresponding variant 

of Plu4 (E13A), the Glu13 residue is positioned close enough to C4 (3.8 Å) and C5 (3.1 Å) in the 

intermediate-bound structure that it could also have an equivalent role in forming 5. Collectively, 

His27, Asp25, Asp225, and Glu13 may play important catalytic and/or structural roles in the 

second oxidation catalyzed by Plu4. 

Next, we targeted residues within 5 Å of the active site that differ between the hydroxylases 

and the desaturases to try to find the cause of the different reactivities. These residues include 

Thr189, Gly26, and Ala28, each of which has a different identity in both RohP and SwMppP. The 

corresponding substitutions were also made in Ind4 to match the RohP identity, since our SSN 

and phylogenetic tree analysis suggests that Group Ia, containing RohP, and Group Ib, containing 

Ind4, are the most closely related desaturases and hydroxylases. Substitution of G26A and A28T 

in Plu4 showed complete loss of both products, but T189C and T189S in Plu4 gave no change in 

the product profile. However, all mutations at these positions in Ind4 resulted in loss of both 

products. Two non-conserved residues, Tyr29 and Cys251, near Asp225 were also targeted to 

see if they changed the product profile, but the resulting variants either abolished production of 
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both 4 and 5 or did not affect production. These residues seem likely involved in maintaining 

structure around the catalytic residues, rather than determining hydroxylase and desaturase 

reactivity, similar to Asp25. We also targeted Leu117, which is in a hydrophobic tunnel leading to 

the active site in the Plu4 structure. This tunnel is far less hydrophobic in the RohP structure, 

which appears to be the result of an aspartate residue at the position of Leu117. However, we did 

not observe any products from the L117D variant.  

 

Figure 5.5. EPR and DFT calculations used to determine the mechanism of arginine oxidases. (a) EPR spectra 
from CMH spin-trap radical adduct. Traces show (i) CMH, (ii) CMH and L-Arg, (iii) CMH and Plu4, (iv) CMH, L-Arg and 
boiled Plu4, (v) CMH, L-Arg and Plu4. For experimental parameters see Supporting Information. (b) Free energy profile 
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of possible peroxy-adduct regioisomers during the first oxidation step (zero energy relative to Quinonoid I and molecular 
oxygen). (c) Free energy profile of possible peroxy-adduct regioisomers during the second oxidation step (zero energy 
relative to Quinonoid II and molecular oxygen). (d) Change in enthalpy during deprotonation or hydroxylation of 
hydroperoxyl-intermediate. Energies are given in kcal/mol. An asterisk indicates a transition state that could not be 
located. 

To better understand the role of oxygen in the arginine oxidase reactions, we used 

electron paramagnetic resonance (EPR) and a spin trap, cyclic hydroxylamine 1-hydroxy-3-

methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH), to look for the presence of superoxide 

during the course of the reaction37,38. We combined 0.5 mM ʟ-Arg and 1 mM Plu4 in the presence 

of 1 mM CMH to detect superoxide during the reaction. We observed a four-fold enhanced signal 

for CMH-trapped superoxide when both Plu4 and ʟ-Arg are present (Figure 5.5a). When catalase 

was added to the reaction, the observed signal dropped to a two-fold increase and the signal 

increased slightly when only Plu4 and hydrogen peroxide were included. These controls indicate 

that the hydrogen peroxide produced during catalysis is able to react with CMH to some degree, 

but the remaining two-fold signal from the catalase-containing reaction indicates that superoxide 

is produced from the Plu4 reaction. The presence of superoxide was further confirmed as an 

intermediate in the reaction by assaying Plu4 in the presence of cytochrome c, which uses 

superoxide to reduce Fe3+ to Fe2+, producing a UV-vis signal at 550 nm. The rate of reduction in 

a reaction of Plu4, ʟ-Arg, and cytochrome c was 21.1 ± 0.5 M min-1, higher than the rate of 15.4 

± 0.5 M min-1 when superoxide dismutase – which consumes superoxide – was included in the 

assay. These results demonstrate that superoxide is produced in the Plu4 reaction. 

To further investigate the role of superoxide, we explored the likelihood of possible 

mechanisms though density functional theory (DFT) calculations using truncated computational 

models. We first calculated that a single-electron transfer to oxygen from Quinonoid I could 

generate intermediate 6 and superoxide, consistent with our experimental studies demonstrating 

superoxide formation. We then explored the competing superoxide rebound at Cα or C4′ of PLP 

and Cβ hydrogen abstraction by superoxide. Calculations showed that hydrogen abstraction at 

the β-carbon was less favourable than superoxide rebound, with ΔG‡ = 16.6 kcal/mol calculated 
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for the C-H abstraction transition state (7a-TS) and ΔGR
 = 11.0 kcal/mol for the conjugated 

intermediate 8a. By comparison, superoxide rebound is more favourable in two scenarios. 

Rebound at the α-carbon was calculated to occur through 7b-TS transition state (ΔG‡ = 5.7 

kcal/mol, Figure 5.5b) to form the peroxy-intermediate 8b (ΔGR
 = -2.3 kcal/mol). Furthermore, 

rebound at the C4′-position of PLP gives the thermodynamically more stable peroxy-intermediate 

8c, ΔGR
 = -5.8 kcal/mol. The putative transition state (7c-TS) could not be located for rebound of 

superoxide at the C4′-position of PLP, likely because of a very low energy barrier.  

For the second oxidation, we calculated that a single-electron transfer to oxygen from 

Quinonoid II could form superoxide and intermediate 9. We then compared the possible 

superoxide hydrogen abstraction and superoxide rebound mechanisms to determine which was 

more favourable. As in the first oxidation, superoxide C-H abstraction was energetically less 

favourable than superoxide rebound. The computed transition state for the hydrogen abstraction 

by superoxide at the δ-carbon (10a-TS) has a barrier of ΔG‡ = 18.8 kcal/mol, resulting in 

intermediate 11a formation (ΔGR = 8.4 kcal/mol). By contrast, the superoxide rebound mechanism 

was more favourable at the γ-carbon, α-carbon and C4′-position of PLP. Calculated transition 

state energies were ΔG‡ = 10.0 kcal/mol and ΔG‡ = 7.3 kcal/mol for rebound at the γ-carbon (10b-

TS) and α-carbon (10c-TS), respectively, while the calculated intermediate formation reaction 

energies were ΔGR = -1.3 kcal/mol, ΔGR = 1.0 kcal/mol and ΔGR = -6.7 kcal/mol for peroxy-

adducts formed at the γ-carbon (11b), α-carbon (11c) and C4′-position of PLP (11d), respectively 

(Figure 5.5c). Similar to the first oxidation, we could not locate the transition state to generate the 

peroxy-adduct at the C4′-position of PLP (10d-TS), again likely due to a low energy barrier, 

indicating the higher reactivity of this position. 

We then interrogated how such an intermediate could proceed via a dehydration or 

hydroxylation pathway by calculating the thermodynamics of these pathways on a more complete 

computational model, containing the guanidino group. We calculated that the hydroperoxyl-

intermediate (12) can react with water to form the hydroxylated intermediate (13) and H2O2 (ΔGR 



 

 97 

= -1.5 kcal/mol), or it can directly produce the fully unsaturated intermediate (14) and H2O2 (ΔGR 

= -4.4 kcal/mol) (Figure 5.5d). The hydroxylation pathway is enthalpically favoured (ΔHR = -1.6 

kcal/mol for hydroxylation versus ΔHR = +8.3 kcal/mol for dehydration), which supports the fact 

that Plu4 has a minor hydroxylation activity despite being a desaturase. We note that while the 

hydroxylation pathway is enthalpically favoured, it is not entropically favoured, as combining a 

water molecule with intermediate 12 is entropically penalized. However, it is likely that in the 

context of the enzymatic reactions, water could be preorganized to facilitate the hydroxylation 

step to reduce the entropic cost. The enthalpic favourability of hydroxylation over deprotonation 

could thus suggest that the key distinction between hydroxylation and double bond formation is 

the position of water in the active site of the enzymes during catalysis (Figure 5.6b). In order to 

test this hypothesis, we turned our attention to molecular dynamics (MD) simulations to model the 

hydroperoxyl intermediate (15, Figure 5.6b) formed in Plu4 and RohP active sites. 

MD simulations of Plu4 and RohP with 15 bound in the active sites (see computational 

details in the SI) indicated that N-terminal regions are quite flexible in both Plu4 and RohP and 

that both systems behave similarly in solution. In both systems, the strong salt-bridge interaction 

between Arg357 (Arg367 in RohP) and the carboxylic group of 1 keeps the intermediate anchored 

in the same position in the active site (Figure 5.6a). Simulations also show the presence of 

multiple water molecules in the active sites of both Plu4 and RohP. However, only one of these 

water molecules is ordered and preorganized for catalysis in RohP. When 15 is formed in RohP, 

simulations showed that an ordered water molecule hydrogen-bonds with the protonated 

hydroperoxyl and phosphate groups in a bridging mode and appears persistently during the MD 

trajectories (Figure 5.6a). This water molecule is preorganized to perform an enantioselective 

nucleophilic attack at the C4 position of 1 from the pro-S face, to give the final hydroxylated 

product 3. The presence of this ordered water is possible thanks to the conformation adopted by 

15, which is maintained by Phe115 in RohP at the opposite face of the carbon-carbon double 

bond of 15, blocking the access of water molecules and preventing displacement or rotation of 
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the side chain of 1. By contrast, the protein backbone RMSF values of residues ~100-150 in Plu4 

indicate higher flexibility than in RohP and the Phe115 equivalent residue, Phe112, can explore 

alternative conformations in Plu4, permitting 15 to also adopt slightly different geometries (Figure 

5.6a). While in these alternative conformations, which are favored in Plu4, the hydroperoxyl group 

of 15 cannot preorganize a water molecule next to the C4 position of 1, thus disfavoring the 

hydroxylation pathway. However, MD simulations also showed that 15 in Plu4 can still explore 

minor conformations that allow the ordering of this water molecule, supporting the minor formation 

of the hydroxylated side product. 

Arginine desaturases and arginine hydroxylases both catalyze remarkable oxidation 

reactions, using only molecular oxygen and pyridoxal phosphate. Our work comparing the 

biochemical reactivity, structure and sequence similarity patterns of arginine desaturases and 

hydroxylases revealed that the two types of enzymes are even more similar than has previously 

been thought. The highly similar active site structures, including conserved catalytic residues, 

shows the subtlety of the factors differentiating the two reactivities. Additionally, our mutagenesis 

studies identified no active site residues that could distinguish the reactivity. Our sequence 

similarity analysis furthermore reveals that there is a stronger evolutionary relationship between 

the Group Ia hydroxylases and the Group Ib desaturases than between the Group Ia hydroxylases 

and the Group II hydroxylases or the Group Ib desaturases and the Group III desaturases, an 

arrangement which is mirrored by a phylogenetic tree. These data suggest that either the 

hydroxylase or desaturase activity emerged separately, indicating a complex evolutionary history, 

similar to other examples of non-isofunctional phylogenetic clustering reported in other protein 

families 39,40,41, 42. Furthermore, the consistent appearance of a minor hydroxylated side product 

in all characterized desaturases suggests that the hydroxylase and desaturase mechanisms are 

highly related and provide evidence for promiscuous enzyme evolution43. The minor appearance 

of hydroxylated product 3 from the desaturases could have either served as a starting point for 
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the evolution of hydroxylation reactions from a desaturase ancestor, or it could represent a 

vestigial feature of a hydroxylating ancestor.  

EPR experiments and cytochrome c assays demonstrated the formation of superoxide, 

which establishes the ability of the quinonoid intermediates to transfer single electrons to oxygen. 

Both flavin-dependent enzymes and cofactor-independent enzymes form superoxide through a 

single electron transfer to oxygen38,44,45,46, and the PLP-dependent enzyme, DOPA 

decarboxylase, is known to produce superoxide during a paracatalytic oxidative deamination47. 

However, whether or not arginine oxidases also produced superoxide was unknown, and our 

result suggests that they may use oxygen similarly: a single electron transfer to oxygen precedes 

formation of superoxide. Generally, positively charged species in the active site can contribute to 

oxygen activation by stabilizing the negatively charged peroxy-intermediates1,44,45. In the case of 

the arginine oxidases, Lys219, Lys227, or the arginine substrate itself could be responsible for 

providing the positive environment necessary to stabilize the formation of a peroxy-intermediate 

in Plu4.  

DFT calculations showed that superoxide rebound, giving a peroxy-intermediate, is most 

favourable at the C4′ position of PLP. This result can be rationalized because the arginine 

oxidases belong to the aspartate aminotransferase protein family. The mechanisms for this family 

typically include protonation at the C4′ position of PLP. By contrast, in the case of O2- and PLP-

dependent enzymes from other protein families, such as Cap1548 and CuaB49, isotopic 

enhancement occurs in products hydroxylated at the C position when exposed to labelled 

oxygen, suggesting that a peroxy-intermediate is instead formed at the C position during the 

reaction, which reflects that they belong to the selenocysteine synthase and 8-amino-7-

oxononanoate synthase families with enzymes that typically protonate at the C position. 

Additionally, we also compared the final deprotonation and hydroxylation steps for the arginine 

oxidases by DFT calculations, which showed that the hydroxylation step is enthalpically more  



 

 100 

 

Figure 5.6. Divergence of hydroxylase and desaturase mechanistic pathways. (a) Representative snapshots 
obtained from MD simulations with hydroperoxyl intermediate 15 bound in the RohP hydroxylase and Plu4 desaturase. 
The presence of a preorganized water molecule for nucleophilic addition at the substrate C4 position depends on the 
geometry adopted by intermediate 15 in the active site, which is influenced by the conformations explored by Phe119 
(RohP) and Phe112 (Plu4) side chains. (b) Proposed mechanism of arginine desaturases and hydroxylases. Relevant 
atom labels are shown in blue. Products observed via LC-MS [M+H]+ signals are indicated with a box. 

favourable than the deprotonation at C5. This result indicates that the eventual presence of an 

ordered water in the active site of a desaturase will form 3 as a side product. These calculations 
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also support that the hydroxylation mechanism does not go through a fully oxidized intermediate 

with deprotonation at C5 because the hydroxylation step would likely precede deprotonation, 

since it is more favourable. 

Indeed, control of the positioning of water in the active site could be critical to the different 

reaction outcomes. While we could not identify any single active site residue critical to controlling 

the reaction outcome, MD simulations showed that Plu4 exhibits higher flexibility than RohP, in 

the ~100-150 amino acid region. Crystal structures and MD simulations also revealed that specific 

conserved active site residues in this region (Phe112, Asn114, Leu115) can adopt alternative 

conformations in Plu4 as compared to RohP and SwMppP. These differences may be due to 

distinct flexibilities and conformational dynamics inherent to these proteins, which might be 

caused by mutations introduced during evolution at distal positions but that are dynamically 

correlated with active site residues505152. Our MD simulations showed that, when formed in RohP, 

intermediate 15 preferentially explores conformations in which an ordered water molecule is 

preorganized to perform the enantioselective hydroxylation at the C4 position. However, 

intermediate 15 in the Plu4 active site is more flexible and it explores alternative geometries, in 

most of which no ordered water molecules are found, thus favoring the desaturation pathway. 

5.5 Conclusions  

Overall, we have shown that the arginine desaturases and hydroxylases show a high degree of 

similarity despite catalyzing different reactions. We propose that the reaction differentiation 

mechanism relies on the presence or absence of a preorganized water molecule when a key 

common intermediate is formed, which accounts for the underlying hydroxylation side reaction in 

the desaturases. We offer a mechanism for oxygen usage that includes a single electron transfer 

to oxygen and hydroperoxyl-intermediate formation at the C4′ position of PLP, which suggests 

that the reaction is not reliant on arginine as a substrate and could, theoretically, be engineered 

into other aminotransferases. Finally, our sequence similarity and phylogenetic analysis reveals 

that the desaturases and hydroxylases appear to each have two distinct phylogenetic groups, 
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clustered non-isofunctionally, which will be essential to future studies aimed at understanding how 

the two activities evolved.  
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