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Abstract 

P450-catalyzed hydroxylation reactions are well understood mechanistically including the 
identity of the active oxidizing species. However, the catalytically active heme-iron species in 
P450 iterative oxidation cascades that involve mechanistically divergent pathways and distinct 
carbon atoms within a common substrate remains unexplored. Recently, we reported the 
enzymatic synthesis of tri-functionalized tirandamycin O (9) and O’ (10) using a bacterial P450 
TamI variant and developed mechanistic hypotheses to explore their formation. Here, we report 
the ability of bacterial P450 TamI L295A to shift between different oxidizing species as it catalyzes 
the sequential epoxidation, hydroxylation and radical-catalyzed epoxide-opening cascade to 
create new tirandamycin antibiotics. We also provide evidence that the TamI peroxo-iron species 
could be a viable catalyst to enable nucleophilic epoxide opening in the absence of iron-oxo 
Compound I. Using site-directed mutagenesis, kinetic solvent isotope effects, artificial oxygen 
surrogates, end-point assays, and density functional theory (DFT) calculations, we provide new 
insights into the active oxidant species that P450 TamI employs to introduce its unique pattern 
of oxidative decorations.  
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Introduction and Background  

The large superfamily of heme-containing cytochrome P450 enzymes catalyze a myriad 
of important chemical reactions including, but not limited to, aromatic and aliphatic 
hydroxylations, epoxidations, ring formation and C-C bond cleavage. Not only are the P450-
catalyzed reactions critical in the degradation of xenobiotic compounds, but they are essential 
for the biosynthesis of structurally complex bioactive molecules. These versatile 
monooxygenases can perform precise chemical reactions with high levels of selectivity while 
overcoming innate substrate reactivity.  

When a small molecule substrate 
binds to the P450 active site, it displaces 
the water molecule acting as a sixth 
ligand of the heme-iron and shifts the 
enzyme from a low-spin system to a high-
spin ferric state (Figure 1, iron species A 
to B). This shift increases the redox 
potential (100-230 mV) and facilitates 
the first electron transfer from the redox 
partners (species C). Molecular oxygen 
then binds to the iron center, generating 
the oxy-ferrous intermediate (species D) 
that can accept a second electron 
transfer to form the key ferric-peroxo 
anion intermediate (FeO2

-, species E). 
Subsequent proton transfer (typically 
supplied by the bulk solvent) to the distal 
oxygen atom is facilitated by a highly 
conserved active site acid-alcohol pair 
and bound water molecules leading to 
the ferric hydroperoxide Compound 0 
(Cpd 0, FeO2H). A second protonation 
event facilitates the O-O cleavage step 
generating the high-valent iron-oxo species Compound I (Cpd I, FeOIV), resulting in release of a 
water molecule. Found in the oxygen-binding groove of the I-helix,1 the acid-alcohol pair is 
thought to be essential for the two sequential protonation events necessary to form Cpd I from 
the ferric-peroxo species, Cpd 0. However, a few exceptions exist where an alanine or asparagine 
occur in place of the conserved alcohol residue such as in the case of P450eryF2 and P450cin3 
where the substrate harbors a hydroxy functionality that is thought to act as the conserved 
alcohol residue, and asparagine is believed to retain a water molecule, respectively. Moreover, 
throughout the P450 catalytic cycle, the peroxo states (species D and F) can undergo uncoupling 
and release peroxides while regenerating the ferric form of the enzyme. 

Figure 1. General cycle for cytochrome P450 catalysis. The three 
unproductive uncoupling pathways are shown with dashed 
arrows. Alkene epoxidation catalyzed by Cpd 0 species is shown 
with a green arrow. 
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Identification of the oxidant species in P450 catalysis remains a central question, and 
kinetics, substrate atom labeling, spectroscopy and computational methods can provide key 
evidence for the different oxygen species driving a mechanistic pathway. For example, the ferric-
peroxo anion intermediate (Fig. 1, species E) can perform a nucleophilic attack on the ketone of 
the substrate leading to C-C bond cleavage, as observed in the P450 CYP17A1 involved in human 
steroid hormone biosynthesis.4 Alternatively, the ferric peroxide species can be protonated to 
form Cpd 0 (species F), which enables epoxidation via double bond oxygen insertion as revealed 
for P450 PimD in pimaricin biosynthesis (where the substrate’s topology does not favor catalysis 
via Cpd I).5 Alternatively, double protonation leads to the high-spin intermediate Cpd I (species 
G), the catalytic species considered to be the primary oxidant for most of P450-catalyzed 
oxidations, which include C-H hydroxylation by P450 CYP19A1.6-8 Relatively little is known about 
the active oxidizing species in iterative oxidation cascades involving mechanistically distinct 
pathways and multiple carbon sites within a substrate. The current analysis was driven by the 
hypothesis that iterative P450 enzymes may shift from one catalytically active heme-iron species 
to another to modulate their stepwise sequence with exquisite selectivity on a common 
substrate. Elucidating the oxidant species involved in P450-based multistep biocatalytic systems 
may inspire the engineering of homologous enzymes to expand the range of oxidation reaction 
types for catalyst-controlled, cascade reactivity.  

 
The Streptomyces-derived P450 TamI is an iterative enzyme responsible for late-stage 

oxidation of tirandamycin C (1) to B (5), the terminal product of the tirandamycin biosynthetic 
pathway and the most potent congener in bioactivity against an array of human pathogens 
including vancomycin-resistant Enterococci faecalis (Figure 2). As a result of intrinsic substrate 
reactivity, TamI performs methylene C10 hydroxylation, C11/12 alkene epoxidation and C18 
methyl hydroxylation, in a strict sequence.9 We recently described the engineering of P450 TamI 
biocatalysts that alter the iterative process, site-selectivity and number of reactions performed 

Figure 2. Late-stage iterative oxidative cascades catalyzed by P450 TamI and variants. Naturally-occurring 
tirandamycins include 1, 2, 3, 4 and 5. New metabolites generated from TamI mutants include 6, 7, 8, 9 and 10. 
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in a catalyst-controlled fashion. This work demonstrated the enzymatic synthesis of five novel 
tirandamycin congeners including tri-oxidized tirandamycin O (9) and O’ (10) (Figure 2).10 The role 
that variant reactive oxygen species play in mediating the iterative sequence and flexibility of 
TamI and its mutants for catalyzing mechanistically divergent oxidative reactions has not been 
previously established. It is this gap in knowledge that motivated the current study, with the 
expectation that deeper insights may facilitate rational design for bioinspired catalysis. 

 
Based on the stepwise oxidative sequence exclusively catalyzed by TamI L295A to convert 

1 à 6 ààà 9 and 10 (Figure 2) and the unusual oxidation pattern of the tri-oxidized terminal 
products, we hypothesized that this P450 variant shifts from one catalytically active oxidant 
species to another. First, TamI L295A forms 6 by catalyzing a C11/12 double bond epoxidation on 
1 rather than a C10-(S) hydroxylation as observed in WT enzyme, indicating a possible Cpd 0-
mediated mechanism.5, 11 The inherent reactivity of 6 was explored for primary C18 and 
secondary C10 hydroxylation reactions.10 Hydroxylation at both positions exhibited similar 
energetic barriers, suggesting formation of either C-H functionalization product is favorable when 
using 6 as substrate, with a slight preference for C10 oxidation (0.6 kcal/mol difference). We 
rationalized that hydroxylating the C10 position on 6 makes the C11 site more electrophilic and 
prone to opening of the epoxide. As previously established, C10 hydroxylation via Cpd I-mediated 
catalysis is anticipated.12 Thus, we hypothesized that TamI L295A catalyzes a C10 hydroxylation 
on 6 to form 7 and/or 7’ (the C10 epimer of 7, Figure 3). However, these proposed transient 
intermediates are not detected in in vitro enzymatic assays when incubating 1 or 6 with the 
enzyme.10 This could imply that once 6 is oxidized to 7 or 7', the hydroxy-containing intermediate 
is not released from the enzyme active site pocket but is instead instantly oxidized to obtain the 
final products. Given that congener 7 is available as an authentic standard (obtained from 
preparative-scale enzymatic reactions),10 enzymatic reactions with 7 and TamI L295A were 
performed. Incubating 7 with TamI L295A at increased catalyst loading conditions led to low-level 
formation of 9 and 10 (Figure S14, lane 14).10 These results provide compelling evidence that 7 is 
a transient intermediate towards 9 and 10 under these experimental conditions. The nominal 
production of the terminal products and the lack of spin shift observed upon titration of 7 to the 
enzyme suggest that 7 might not be the preferred transient intermediate or that the additional 
oxidative decorations in 7 impact the substrate binding affinity making it a poorer fit in TamI 
L295A active site. Computational analysis showed that 7’ exhibits an internal hydrogen bond from 
the hydroxy to the epoxide, stabilizing its configuration and activating the epoxide for opening 
(Figure S15). This might suggest that 7’ could be a preferred transient intermediate in the L295A-
catalyzed pathway, however this congener is not available as an authentic standard. We 
suspected that 4 might also be an intermediate in this oxidative cascade, however no product 
was observed when incubating 4 with TamI L295A, even at increased catalyst loading. Hence, we 
postulate that TamI L295A hydroxylates 6 at C10 forming intermediates 7 and/or 7’ prior the 
oxidative cascade leading to 9 and 10.  

 
After C10 hydroxylation, TamI L295A catalyzes an epoxide-opening cascade not previously 

observed with P450 TamI chemistry. This may indicate the potential involvement of different 
oxidants en route to 9 and 10. Hence, we proposed three potential mechanisms for the formation 
of 9 and 10 by TamI L295A including: 1) Attack by the nucleophilic ferric-peroxo to open the 
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epoxide at the C11 site yielding the ketone (Figure 3, blue box); 2) Incorporation of the 
hydroperoxide Cpd 0 leading to C11 hydroxylation and formation of the α-hydroxy ketone (green 
box); 3) H10-abstraction by the electrophilic higher valent metal-oxo species Cpd I generating a 
free radical that leads to epoxide ring opening (red box).  Thus, we sought to explore the identity 
of the active oxidant species in P450 TamI L295A responsible for catalyzing the iterative oxidation 
cascade from 1 à 6 à 7 or 7’ à 9 and 10, and three proposed mechanisms towards the exclusive 
formation of 9 and 10. In this effort, we 1) disrupted the proton relay network by site-directed 
mutagenesis that is required for dioxygen activation, 2) assessed the utility of exogenous oxygen 
surrogates and reactive oxygen species (ROS) scavengers to support P450 TamI catalysis and 3) 
calculated kinetic solvent isotope effects (KSIEs) on the steady-state turnover of P450 TamI in its 
hydroxylation, epoxidation, and unusual oxidative cascade functionalities. Additionally, quantum 
mechanics (QM) calculations using density functional theory (DFT) were conducted to provide 
insights into the contribution of the plausible reaction mechanisms and different oxidant species 
in the P450 catalytic cycle for generating structurally unique metabolites 9 and 10. 
 

 
 
Results  
 
1 Mechanism of epoxidation via Cpd 0 to form 6 from 1 
 

1.1 Structure-derived mechanism   
 

Figure 3. Proposed mechanisms for the generation of 1 à 6 à 7 or 7’ à 9 and 10 catalyzed by P450 TamI L295A. 
Three mechanisms are described using the nucleophilic peroxo-iron (blue box), Cpd 0 (green box) and Cpd I (red box) 
as oxidant species. 
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In P450 TamI, the WT enzyme catalyzes the C10 allylic hydroxylation of 1 to generate 2. 
The substrate-bound crystal structure of the enzyme revealed that the C10-H (S) σ-bond points 
towards the heme-iron within a 4 Å distance, prone for hydroxylation to occur via a hydrogen 
abstraction and rebound mechanism.9 This C-H functionalization reaction likely occurs through 
involvement of the electrophilic species Cpd I, as previous experimental and theoretical work 
supports this mechanism for P450-catalyzed hydroxylation reactions.12 However, a subtle 
variation in the active site TamI L295A mutant changed reactivity from C10 hydroxylation to 
C11/12 epoxidation on substrate 1 to form 6. Previous DFT calculations with 1 revealed that the 
transition state barrier for C11/12 (R/S) epoxidation is higher in energy (19.2 kcal/mol) than 
hydroxylation at C10 or C18 sites (14.5 and 16.6 kcal/mol, respectively). Thus, we hypothesized 
that TamI L295A may reorient the substrate to lower the activation barrier and/or favor a 
different oxidant species to facilitate the energetically disfavored epoxidation reaction over the 
C-H functionalization product.  

 
Close examination of the five top occupied 

clusters of the MD simulations with TamI L295A and 1 
revealed that the π-orbitals of the conjugated C11/12 
system point away from the iron at a 115.9° angle to the 
heme (Figure 4).9 This differs from the angles calculated 
in simulations with TamI WT and 3 and TamI L101A_L295I 
and 1, where diastereoselective C11/12 alkene 
epoxidation is also observed experimentally. In the latter 
cases, the C11/12 alkene of 3 and 1 points towards the 
iron at a 90-93° angle to the heme facilitating double bond 
epoxidation, in agreement with in vitro results (Figure S1). 
By contrast, in TamI L295A, the geometry of 1 does not 
favor epoxidation by a synchronous trajectory of oxygen 
insertion or a charge-transfer complex via a radical or 
cationic pathway. Instead, the proximity (< 4 Å) of the 
C11-H σ-bond to the heme-iron seems favorable for Cpd 
I-mediated hydroxylation. However, as noted with P450 
PimD and the 4,5-Desepoxypimaricin substrate, the 
energy required to abstract a hydrogen from a vinyl 
carbon is prohibitive. This led us to hypothesize that the 
hydroperoxo Cpd 0 species may be the active oxidant in 
TamI L295A for the first reaction step of its iterative 
oxidative cascade (Figure 2), where a concerted insertion 
of the distal oxygen into the C11/12 double bond of 1 
occurs to generate 6. The lengthened O-O bond in the 
hydrogenated peroxide species (Cpd 0) would bring the 
distal oxygen even closer to the C11/12 π-orbitals of 1 
enabling a productive topology of the substrate for 
C11/12 epoxidation to occur over C10 hydroxylation. 

 

Figure 4. Molecular Dynamics (MD) simulations 
of TamI L295A in complex with 1. Two different 
views emphasizing the orientation of the 
C11/12 alkene are depicted. Black arrows show 
the orientation of the C11/12 π-orbitals. 
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1.2 Disrupting the conserved I-helix alcohol residue for evidence of its role in catalysis 
 

In P450 TamI, the conserved acid-alcohol pair is composed of Glu251 and Thr252. 
However, Thr253 resides at the adjacent position that could contribute to the I-helix proton relay 
network or supplant Thr252 if absent.13 Mutation of the conserved alcohol residue in P450s is 
thought to interrupt the second proton transfer, resulting in accumulation of the Cpd 0 species, 
and diminishing substrate oxidation rates while increasing uncoupling of the enzyme and 
hydrogen peroxide formation.9, 11, 13 For example, P450cam catalyzes hydroxylation of its native 
substrate camphor with high levels of efficiency. However, its variant T252A produces little to no 
hydroxylated product and instead, was found capable of performing olefin epoxidation.11 This 
result was presented as experimental evidence for the reactivity of a hydroperoxo-ferric Cpd 0 
species in the P450cam system.  

 
We created threonine mutants of P450 

TamI L295A to probe their role in oxygen 
activation and catalysis (Figure 5). When 
incubated with 1, variant T252A_L295A showed a 
similar product formation to TamI L295A 
generating a mix of 6, 9 and 10, while triple 
mutant T252A_T253A_L295A showed decreased 
yields. Both threonine mutants displayed reduced 
hydrogen peroxide formation compared to TamI 
L295A suggesting fewer free radicals occur in 
these systems (Figure S3). This was further 
supported by the observation that the TamI 
L295A-catalyzed oxidation of 1 to 6, 9 and 10 
increased in the presence of ROS scavengers 
(ascorbate, catalase, and dismutase) in a dose-
dependent fashion, indicating uncoupled 
formation of free radicals in TamI L295A (Figure 
S4-S6). Nonetheless, this increase in product 
formation could also derive from the fact that 
these chemical scavengers are able to protect the 
enzyme, substrate and/or products from 
superoxide-induced radical damage. Moreover, 
the double and triple variants displayed tighter 
substrate binding affinity values compared to 
TamI L295A (Table S1), showing that mutating the 
threonine residues does not impact substrate 
binding in an unproductive manner.  

 
The mutagenesis results described above 

show that altering the conserved alcohol pair in 
TamI to an alanine (and is thus unable to accept a 

Figure 5. End-point assays with TamI mutants. (A) 
Reactions with tirandamycin C (1) substrate; (B) Reactions 
with tirandamycin L (6) substrate. Substrates are shown 
next to each bar graph. Ratios of product formation were 
estimated based on HPLC traces. The error bars represent 
the standard deviation of experiments performed in 
duplicate. For definition of R, see Figure 2. For additional 
reactions, see SI. 
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hydrogen bond from Cpd 0 to drive O-O cleavage and form Cpd I) does not inhibit catalytic 
activity. In fact, similar product formation to L295A is observed for C11/12 epoxidation of 1 to 6, 
suggesting that Cpd 0 may be a viable oxidant for L295A-catalyzed epoxidation. This is further 
supported by the observation that increased hydrogen peroxide formation was detected for 
L295A, which could derive from accumulated Cpd 0 and uncoupling through the peroxide shunt 
pathway (Figure 1). 
 

1.3 Investigation of oxygen surrogates supporting Cpd 0 reactivity 
 
Next, we investigated exogenous oxygen surrogates to assess differences among TamI 

P450 mechanisms. Hydrogen peroxide can provide the oxygen atom and electrons necessary to 
overcome the need for molecular oxygen and NADPH-derived reducing equivalents in P450s.14 
Therefore, direct addition of hydrogen peroxide to ferric P450 is expected to form ferric 
hydroperoxide Cpd 0. However, it is important to note that Cpd 0 can subsequently and 
irreversibly convert to Cpd I or undergo reversible proton transfer to form peroxo-iron (species 

Figure 6. TamI-catalyzed oxidations via peroxide shunt pathway. Reactions were initiated with increasing 
concentrations of H2O2 and run for 30 min unless otherwise stated. Substrate is shown above bar graphs. The 
error bars represent the standard deviation of experiments performed in duplicate. For reactions initiated with 
iodosobenzene, see SI. 
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E). Therefore, its role in TamI catalysis can only be postulated. Alternative organic oxidants such 
as iodosobenzene would not be able to generate Cpd 0 and insert the distal oxygen atom in the 
substrate. Thus, we hypothesized that if Cpd 0 is the preferred active oxidant then the H2O2-
initiated reactions would form noticeable amounts of epoxide-containing 6 when incubating 
TamI L295A with 1.  
 

As anticipated, significant production of 6 was detected for reactions initiated with H2O2 
and TamI L295A (Figure 6). Triple variant T252A_T253A_L295A also generates product 6 under 
these reaction conditions, albeit in diminished yields. Reactions with freshly prepared 
iodosobenzene led to trace formation of 6, which further supported our hypothesis. To 
interrogate whether the ability to activate H2O2 as a co-substrate for epoxidation is exclusive to 
biocatalyst TamI L295A, additional reactions with variant TamI L101A_L295I and 1 were tested. 
Control reactions containing redox partners yielded formation of 6 and 8 from 1 as previously 
observed (Figure 2),10 while no oxidation was observed with H2O2-initiated reactions. This 
indicated that unlike TamI L295A, variant L101A_L295I is not capable of using Cpd 0 for catalyzing 
epoxidation. Together with computational analysis and mutagenesis, these catalytic data 
suggests that TamI L295A has the flexibility to employ Cpd 0 as a viable oxidant for efficient 
alkene epoxidation of 1 to generate tirandamycin intermediate 6. 

 
 
2 TamI L295A-catalyzed unusual iterative oxidation cascade producing 9 and 10 from 7 or 7’ 

 
2.1 Evidence for a TamI reactive peroxo-iron oxidant 

 
To further probe the unusual oxidation cascade of TamI L295A, we hypothesized that the 

ferric hydroperoxo Cpd 0 form of the biocatalyst catalyzes epoxidation of 1 à 6, followed by Cpd 
I species catalyzing 6 à 7 or 7’, and then shifts to a different oxidant species to open the epoxide 
of 7 or 7’ to form 9 and 10. Inspired by previous literature,4 we hypothesized the ferric-peroxo 
anion intermediate (species E) could perform a nucleophilic attack at C11 on intermediate 7 or 
7’. This would open the epoxide while retaining stereochemistry at C12. Subsequent oxidation to 
the C11 ketone through radical or proton abstraction mechanisms (Fig. 3, blue box) would 
generate 10 and, via tautomerization, 9. To interrogate the plausibility of a peroxo anion-
catalyzed oxidative cascade, we performed catalytic assays using 6 as the substrate.  Previous 
work with P450cam, P450cin, CYP19A1, P450-BM3, and CYP17A1 suggest that mutating the 
conserved Glu251 acid residue disrupts the first proton transfer in the P450 catalytic cycle, 
favoring formation of the nucleophilic peroxo-iron species (Figure 1, species E) and drastically 
reducing substrate oxidation activity. TamI variant E251Q_L295A converts 6 to tri-oxidized 9 and 
10 with yields comparable to L295A (Figure 5). The glutamic acid mutant displays a lower rate of 
hydrogen peroxide formation compared to L295A with 6, while no spin shift is observed with 
either enzyme. Adding ROS scavengers to the reaction of E251Q_L295A and 6 led to a modest 
decrease in conversion compared to L295A. This could suggest that when using 6 and the 
glutamic acid variant as a biocatalyst, products 9 and 10 may result from shunt pathways. 
However, the response is not dose dependent. Mutating the conserved acid residue to a neutral 
glutamine does not abolish catalytic activity. Instead, product formation is comparable to TamI 
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L295A. These data indicates that the glutamic acid residue is not critical for the oxidative cascade 
catalyzed by TamI L295A, suggesting that the peroxo-iron could compensate as a viable oxidant 
for the formation of 9 and 10 when Cpd I is compromised. 
 

To address the identity of the iron-oxo species and variant mechanisms involved in 
formation of multiple oxidized tirandamycin products, kinetic solvent isotope effects (KSIE) 
experiments were performed. Formation of Cpd I in the P450 catalytic cycle is dependent on the 
sequential transfer of two protons, a process that is typically attenuated when hydrogen has 

Figure 7. End-point assays with P450 TamI in H2O vs D2O buffers. Substrates are shown above each bar graph. The error bars 
represent the standard deviation of experiments performed in duplicate. (A) Steady-state kinetic solvent isotope effects 
(KSIE) observed for P450 TamI with tirandamycin C (1) and L (6). KSIE = KH/KD. The number inside the bar displays the value 
of catalytic activity. (B) Comparison of NADPH oxidation (light green) and coupling efficiency (dark green) by P450 TamI. The 
number inside the bar represents the corresponding calculated value. For exact values, refer to Table S2.  
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been replaced by deuterium. Hence, comparing the steady-state kinetic parameters of TamI-
catalyzed reactions in H2O versus D2O-based buffers can be mechanistically informative.6 Using 
saturating substrate concentrations, product formation and NADPH oxidation rates of P450 TamI 
were measured at pH/pD 7.4 (see SI for details). Deuterated samples were obtained by 
exhaustive exchange of proteins in D2O. The production of 2 from 1 occurred at a rate of 9.70 
min-1 for TamI WT in H2O, while the rate lowered to 3.17 min-1 in D2O (Figure 7A). These values 
correspond to a significant KSIE of KH/KD = 3.06 for C10 hydroxylation, with similar values 
previously reported for other P450 systems catalyzing hydroxylation via Cpd I.6 When testing 6 
with TamI L295A and triple variant T252A_T253A_L295A, the rate of product formation increased 
in the D2O-based buffer, resulting in a small inverse KSIE of 0.89 and 0.79, for the multi-step 
cascade leading to 9 and 10 (Figure 7A). Although the potential influence of deuterium solvent 
on enzyme function are complex, these results implicate the role of peroxo-iron as a potential 
oxidant species catalyzing this cascade.15 Alternative explanations include the possibility that 
protonation and deprotonation can occur throughout the amino acid chains of the P450 or that 
the substrate’s hydroxy group in the tetramic acid moiety exchanges with deuterium influencing 
substrate binding. 

 
TamI L295A shows an approximate 50% increase in coupling efficiency in D2O compared 

to H2O with slightly lowered NADPH consumption values when using 6 (Figure 7B). On the other 
hand, triple mutant T252A_T253A_L295A displayed a two-fold increase in NADPH consumption 
compared to L295A, with lowered coupling values. Together with KSIE data, a slight decrease in 
NADPH oxidation rates for the iterative oxidation of 6 à 9 and 10 with TamI L295A do not fully 
support a Cpd I-driven mechanism. Instead, these results suggest that inhibiting protonation of 
the peroxo-iron intermediate can promote productive oxidation rather than uncoupling to 
peroxide byproducts.  
 

We sought to further investigate the potential involvement of a peroxo-iron species using 
computational methods. Thus, DFT calculations were conducted on a previously-validated 
truncated model of the P450 TamI heme and tirandamycin spiroketal.10 Oxidation of congeners 
7 and 7’ at the UB3LYP-D3(BJ)/def2-TZVPP/SMD(diethylether)//UB3LYP-D3(BJ)/def2-
SVP/SMD(diethylether) level of theory and via peroxo-iron (species E) was explored.4, 16-20 
Computations proceeding from 7’ were found to be slightly lower in free energy (~1 kcal/mol) 
compared to 7 (Figure S16). Transition state barriers for the addition of the peroxo-iron terminal 
oxygen into the epoxides of 7 and 7’ were located for the doublet (2TS2) and quartet (4TS2) spin 
states and favor the doublet with a small preference for 7’ (13.0 kcal/mol) (Figure 8A). However, 
computational elaboration of this pathway proved challenging; while the endoperoxide 
intermediate (Int2) resulting from epoxide addition was successfully located for both 7 and 7’ 
doublet states, we were unable to converge downstream product complexes or transition 
structures. 

 
Moreover, we reasoned that our experimental results do not exclude the possibility of 

the superoxo-iron complex (species D) acting as oxidant for an epoxide addition.21, 22 Such a 
species is expected to persist in the TamI active site prior to an electron transfer event involving 
ferredoxin, and is approximately only 1.7 kcal/mol higher in energy than the peroxo-iron complex 
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(Figure S17). Open-shell singlet, triplet, and quintet states were computed for the initial heme 
complex, of which the triplet pathway was lowest in energy. However, addition of the triplet 
superoxo-iron species into the 7’ epoxide exhibits a transition state barrier of 24.3 kcal/mol 
relative to starting material (Figure S18). As this barrier energy is significantly higher than those 
computed for peroxo-iron pathway, we conclude that superoxo-iron is unlikely to be a viable 
oxidant species in this system. 

 

 
 

2.2 Exploring TamI Cpd 0 reactivity 
 
Another pathway that we investigated was C11 C-H hydroxylation of 7’ by Cpd 0 (species 

E) to form 9 and 10. A reasonable transition state could not be found for the initial C-H abstraction 
reaction. Given the favorable energetics for the Cpd I-facilitated hydrogen abstraction process 
and the activity of TamI in mutants exhibiting a disrupted proton transfer chain, we considered a 
pathway featuring C11-H atom abstraction by a ferric-peroxo or ferric-superoxo species in both 
high-spin and low-spin configurations. A pathway featuring C11-H atom abstraction from 7’ to 
drive incorporation of the distal oxygen of Cpd 0 and hydroxylation at C11 was explored. Ferric 
peroxo and ferric superoxo species in both high-spin and low-spin configurations were 
considered. In this pathway, reaction of the substrate with either iron species involves a hydrogen 
atom abstraction by the distal oxygen, generating a carbon-centered radical. This is followed by 
concerted O-O bond homolysis and OH transfer to the radical. Subsequent deprotonation of the 
hydroxylated intermediate with epoxide ring opening ultimately leads to the formation of 9 and 
10. The barriers for C-H abstraction are calculated to be 32.8 and 31.8 kcal/mol for the triplet and 
quintet ferric-superoxide species, respectively (Figure S19). Given the favorable energetics 

Figure 8. DFT calculations on P450 TamI and 7’ (epi-tirandamycin M). Gibbs free energy values are shown in kcal/mol. 
The charge of the peroxo complex is -2. For additional calculations, see SI.  
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calculated for the nucleophilic peroxo-iron (species E), these computations show that hydrogen 
atom abstraction by either superoxo species is highly unlikely. An attempt was also made to 
identify either a high-spin or low-spin peroxo species that participates in the initial hydrogen 
atom abstraction, but no converged transition-state geometries were located.  
 

End-point assays with substrate 6 and TamI variants L295A and T252A_T253A_L295A 
show comparable formation of 9 and 10 (Figure 5B). The threonine mutant shows relatively 
similar hydrogen peroxide formation rates compared to TamI L295A. No spin shift is observed 
with any of the TamI L295A variants bound to 6. When using H2O2 as a co-substrate, reactions 
with T252A_T253A_L295A and 6 show product formation comparable to controls, while 
reactions with L295A and 6 display noticeable but decreased product formation. When initiating 
reactions with iodosobenzene and 6, no product is detected for any TamI variant. Adding ROS 
scavengers to the L295A-catalyzed reactions with 6 led to product formation comparable to 
controls for T252A_L295A and L295A. A slight decrease was observed for T252A_T253A_L295A 
indicating that the products in this reaction might result from shunt pathways, although a dose-
dependent pattern was not observed. Although this catalytic data does not conclusively discard 
Cpd 0 as a viable oxidant for catalyzing the production of 9 and 10, the significantly high energy 
requirements calculated exclude Cpd 0-mediated catalysis. 
 

2.3 Computational investigations support Cpd I catalysis 
 
Although the end-point assays described above shed light on the contribution of various 

oxidizing species in L295A catalysis, they do not eliminate the possibility of a Cpd I-mediated 
mechanism. Thus, oxidative pathways via Cpd I species were explored computationally. Previous 
QM/MM investigations by Shaik et al. determine the Cpd I and Cpd 0 have similar energies, which 
enables relative comparison of the energetics of the oxidant series.23 First, the pathway for C-H 
abstraction of 7 with Cpd I was calculated. With 7 as the substrate, the TS barrier for C-H 
abstraction is calculated to be 15.3 kcal/mol for the doublet state, and 16.1 kcal/mol for the 
quartet (Figure S20). The resulting product is 9.3 kcal/mol lower in energy than the starting 
material. This barrier exhibits a low energy approximately equal to that located for peroxo anion-
facilitated pathways (Figure 8A). The energy of the subsequent ring opened product is -13.1 
kcal/mol in ΔG, and the following H-atom abstraction from the resulting O radical to form Int3 
has ΔG = -2.5 kcal/mol (see SI for details). Hydroxyl group rebound from the Fe-OH species results 
in Int4 (ΔG = -72.0 kcal/mol). Tautomerization affords 10 and 9, at -75.9 and -74.2 kcal/mol, 
respectively. The analogous C-H abstraction was also calculated for 7’ (Figure 8B). This substrate 
is 1.9 kcal/mol lower in energy than 7. The TS barrier for H-atom abstraction from 7’ is 14.2 
kcal/mol for the doublet (2TS1), and 15.6 kcal/mol for the quartet (4TS1). These reasonable and 
low barriers and subsequent mechanism exergonicity suggest that pathways utilizing Cpd I as the 
oxidant are viable. While these data do not exclude the possibility of peroxo-iron as an oxidant, 
the low energy barrier and experimental support for the proposed Cpd I pathway provide 
compelling evidence that Cpd I is the preferred oxidant. 
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Discussion  
 

We have performed experimental and computational experiments to provide insights 
into the catalytically active species employed by P450 TamI L295A to catalyze epoxidation and 
the epoxide-opening oxidative cascade to form tirandamycin congeners. Specifically, we aimed 
to shed light on whether a single or multiple variant TamI P450 oxidizing species occur 
throughout the iterative cascade of 1 à 6 à 7 or 7’ à 9 and 10 (Figure 3). The experiments 
applied in this study suggest but do not conclusively determine the active oxidant. 
 

To initiate our experimental approach, mutations were introduced in the highly 
conserved acid-alcohol pair of TamI (Glu251 and Thr252) to probe their role in oxygen activation 
and electron transfer (Figure 5). Earlier studies of bacterial P450s harboring a variation in the 
conserved alcohol residue displayed drastically diminished levels of hydroxylation activity and 
divergence to epoxidation reactivity, indicating the involvement of a Cpd 0 (species F) oxidant 
species.11 In L295A threonine variants, similar oxidation rates to L295A were obtained with 
substrate 1, without change in the chemo- or regioselectivity patterns (Figure 5). These catalytic 
results could indicate that TamI L295A has the flexibility to exploit the use of heme-iron species 
other than Cpd I, including Cpd 0 for epoxidation of 1 à 6. A H2O2-complexed species (the 
hydrogenated form of Cpd 0) was discarded based on the results obtained when adding ROS 
scavengers to the reactions of TamI L295A with 1. The presence of these scavengers was 
expected to capture most of the H2O2 present in the system.24 Increased product formation was 
observed indicating that the H2O2-shunt pathway to form 6 from 1 is not favorable. Mechanistic 
probes such as H2O2 and iodosobenzene were employed to further interrogate the involvement 
of different catalytically active species (Figure 6). TamI L295A was able to activate H2O2 for 
epoxidation of 1 to 6. Other TamI variants (including L295V, L101A_L295I and L244A_L295V) 
catalyzing epoxidation or hydroxylation of 1 under normal conditions were not able to use H2O2 
as a co-substrate for oxidative reactivity. The results indicate that the Cpd 0 form of TamI L295A 
catalyzes the C11/12 diastereoselective epoxidation reaction of 1,25 an inference that was 
supported by computational analysis. MD simulations of TamI L295A and 1 showed the C11/12 
alkene to be positioned at an angle disfavoring catalysis by Cpd I but that could be reached by 
the lengthened O-O bond in Cpd 0. This conclusion parallels P450 PimD’s epoxidation reactivity 
via a presumed Cpd 0 iron species.5 
 

Moreover, KSIE data demonstrated that the peroxo-iron species could be a viable oxidant 
for the conversion of 6 à 7 or 7’ à 9 and 10 when H2O in the reaction buffer is replaced by D2O, 
slowing down the formation of Cpd I (Figure 7). This was further validated by end-point assays 
with the E251Q_L295A mutant that is thought to interrupt the two proton transfers required for 
Cpd I, thus accumulating peroxo-iron (Figure 1). DFT calculations for a peroxo-iron mechanism 
demonstrated low energy barriers for the initial TS and intermediate. Although downstream 
intermediates and products were not identified despite multiple efforts, computational 
experiments do not exclude peroxo-iron as a possible oxidant species. A Cpd I-mediated pathway 
towards the generation of 9 and 10 was also explored computationally. The low barriers and 
mechanism exothermicity obtained for a radical-induced ring opening of the epoxide in 7 and 7’ 
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and subsequent oxygen rebound suggest Cpd I is the preferred oxidant for TamI L295A’s unique 
multistep oxidative pathway. 
 

Experimental and computational methods have been recently combined to explore the 
active oxygen species in P450 biocatalysts catalyzing mechanistically distinct pathways on 
different substrates. As an example, P450-BM3 mutants performing sulfoxidation and 
hydroxylation on 1-thiochromanone and 1-tetralone substrates, respectively, were 
investigated.24 Cpd I was found as the common oxidant species for both reaction processes. 
However, fewer efforts have been devoted to clarifying the mechanism of iterative oxidation at 
multiple carbon sites on a common substrate, in respect to the catalytically active oxygen species.  

 
Elucidation of the catalytically active oxidant species in P450 TamI L295A facilitates future 

engineering of enzymatic or chemical oxidation catalysts with iterative oxidation abilities. 
Favoring formation of different iron oxygen species throughout a cascade reaction could enable 
mechanistically divergent oxidative pathways to be catalyzed on a common substrate. This could 
facilitate direct oxidative derivatization of multiple carbon atoms within complex molecules. For 
instance, a similar mutagenesis profile could be explored in the iterative bacterial P450 GfsF that 
harbors an active site Ala297 residue equivalent to the Leu295 site in TamI.26 The GfsF enzyme 
catalyzes a stepwise dual-cascade epoxidation followed by hydroxylation to form the macrolide 
antibiotic FD-891. The macrolide hydroxyl group is located β to the epoxide, parallel to the C10 
hydroxyl in 7 and 7’ that is β to the C11/12 epoxide. It is not unreasonable to imagine that 
engineering the Ala297 residue may favor formation of one catalytically active oxygen species 
over the other, facilitating epoxide opening to generate an α-ketone or a cis-diol-containing 
product, as observed in TamI L295A. A similar configuration for the positioning of the hydroxyl 
group relative to the epoxide within a substrate is found in the mycinamicin natural product. In 
this system, the iterative P450 MycG performs a strict hydroxylation followed by epoxidation 
yielding a similar oxidation pattern to TamI L295A.27 Although the hydroxyl group is located at a 
tertiary carbon with no hydrogen atom available (unlike the case of GfsF or TamI systems) 
abstraction of the epoxy-hydrogen or nucleophilic opening of the epoxide could still occur to 
generate products similar to 9 and 10 if a different active oxidant species occurs. 
 

The ability of TamI L295A to utilize H2O2 in lieu of molecular oxygen and NADPH for its 
iterative oxidation cascade is also noteworthy. This unexpected result represents a starting point 
for further design and engineering to improve the efficiency of peroxide-mediated TamI 
catalysis.14 For example, adding small molecules to the reaction or introducing additional 
variations in the active site to stabilize H-bonding networks necessary for reactivity could 
facilitate an efficient peroxygenase activity for the enzyme,25 maximizing its chemical utility.  

 
Finally, elucidation of this pathway (1 à 6 à 7 or 7’ à 9 and 10) represents a unique 

oxidative outcome for P450 TamI and is particularly noteworthy (Figure 9). In the native system, 
substrate 1 is hydroxylated at C10 to form 2 prior to epoxidation at the C11/12 alkene in a strict 
sequence. TamI L295A and TamI L101A_L295I represent the first two variants capable of 
deviating from the innate substrate reactivity to catalyze the most energetically demanding 
reaction first, a C11/12 epoxidation to produce 6 from 1. With epoxide-containing 6, double 
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variant L101A_L295I catalyzes C18 methyl hydroxylation to form 8. In the present study, we 
demonstrated that TamI L295A is the only TamI biocatalyst able to invert the native order of 
oxidative steps and install a C10 hydroxy on 6 to form 7 in vitro. This marks a distinct difference 
from iterative P450 MycG that is not able to catalyze hydroxylation of a substrate that is initially 
epoxidized.27 The ability of TamI mutants to invert reactivity in a catalyst-controlled fashion 
facilitates core structure diversification to produce new analogues with unique patterns of 
oxidation.   

 

 
 
Conclusion 
 

The current work enables us to decipher the catalytic machinery that controls the 
mechanism of epoxidation and epoxide-opening in the iterative cascade to produce tri-oxidized 
9 and 10 from 1 by P450 TamI L295A. This work provides the first mechanistic picture for the 
catalytically active oxygen species involved in P450 TamI. The experimental results augmented 
by MD simulations and DFT calculations show that TamI L295A may include more than one active 
oxidant in its iterative cascade. Indeed, our data suggests that TamI L295A employs the ferric 
hydroperoxide Cpd 0 to catalyze epoxidation of 1 à 6, then shifts to Cpd I for hydroxylation of 6 
à 7 or 7’ followed by Cpd I-mediated epoxide opening via a radical pathway to form C-H 
oxidation products 9 and 10 (Figure 9). Interestingly, our computational and kinetic data suggests 
that the nucleophilic peroxo-iron species serves as a viable oxidant for processing 6 à 7 or 7’ à 
9 and 10 when formation of Cpd I is compromised. We expect that these complementary 
approaches toward mechanistic investigations of iterative cytochrome P450 C-H 

Figure 9. Oxidizing species involved in TamI L295A iterative oxidation catalysis. Cpd I (red box) is the dominant 
oxidant for the conversion of intermediate 7 or 7’ to 9 and 10, although KSIE experiments indicated that the 
nucleophilic peroxo-iron (blue box) can be a viable alternate oxidant for this epoxide-opening cascade. 

or 
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functionalization and epoxidation biocatalysts will inspire further engineering efforts to generate 
novel, bioactive metabolites.   
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