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ABSTRACT: Cytochromes P450 have been recently identified as a promising class of biocata-

lysts for mediating C—H aminations via nitrene transfer, a valuable transformation for forging 

new C—N bonds. The catalytic efficiency of P450s in these non-native transformations is however 

significantly inferior to that exhibited by these enzymes in their native monooxygenase function. 

Using a mechanism-guided strategy, we report here the rational design of a series of P450BM3-

based variants with dramatically enhanced C—H amination activity acquired through disruption 

of the native proton relay network and other highly conserved structural elements within this class 

of enzymes. This approach further guided the identification of XplA and BezE, two ‘atypical’ nat-

ural P450s implicated in the degradation of a man-made explosive and in benzastatins biosynthe-

sis, respectively, as very efficient C—H aminases. Both XplA and BezE could be engineered to 

further improve their C—H amination reactivity, which demonstrates their evolvability for abio-

logical reactions. These engineered and natural P450 catalysts can promote the intramolecular C—

H amination of arylsulfonyl azides with over 10,000-14,000 catalytic turnovers, ranking among 

the most efficient nitrene transfer biocatalysts reported to date. Mechanistic and structure-reactiv-

ity studies provide insights into the origin of the C—H amination reactivity enhancement and 

highlight the divergent structural requirements inherent to supporting C—H amination versus C—

H monooxygenation reactivity within this class of enzymes. Overall, this work provides new prom-

ising scaffolds for the development of nitrene transferases and demonstrates the value of mecha-

nism-driven rational design as a strategy for improving the catalytic efficiency of metalloenzymes 

in the context of abiological transformations. 
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Introduction 

The functionalization of C(sp3)—H bonds is a fundamentally useful transformation in or-

ganic chemistry as it enables the rapid construction of organic molecules and increases the 

efficiency of chemical syntheses.1-5 Of particular interest is the selective amino functional-

ization of C—H bonds owing to the ubiquitous presence of amine functionalities in syn-

thetically valuable and biologically active compounds. Major advances in this area have 

led to the development of organometallic catalysts for catalyzing the insertion of nitrene 

species into C—H bonds.6-11 Recently, our group and others have reported that cytochromes 

P450,12-14 cytochromes P411,15-20 and other hemoproteins21-22 are capable of engaging or-

ganic azides or other nitrene precursors in nitrene transfer reactions. These include intra- 

and intermolecular C—H aminations,12-13,15,18-21 sulfimidation,16 aziridination,17 and other 

transformations.14,22 In this context, our group demonstrated that an engineered variant of 

the bacterial fatty acid hydroxylase P450BM3, called FL#62, is capable of promoting an 

intramolecular C(sp3)—H amination reaction with arylsulfonyl azides to yield ben-

zosultams, supporting up to ~400 catalytic turnovers (TON).12 Arnold and co-workers re-

ported a comparable activity (~360 TON) for serine-ligated P450BM3 variants in the same 

reaction,15 and a similar performance was observed for artificial P450 metalloenzymes har-

boring an abiological Ir(Me) mesoporphyrin IX cofactor (~300 TON).23 While the catalytic 

activity of these engineered P450s in C—H amination reactions exceeds that of synthetic 

catalysts (typically, <100-150 TON), this reactivity remains far below that achievable by 

these enzymes in monooxygenation reactions, some of which have been reported to exceed 

60,000 total turnovers.24-36 

  In previous work, we proposed a plausible mechanism for P450-catalyzed C—H 

amination reactions,12-13 which involves an initial reduction of the hemoprotein via NADPH 

or an exogenous reductant (i.e., sodium dithionite) to give the catalytically active ferrous 

form of the enzyme (Figure 1A). The organic azide substrate is envisioned to bind to the 

iron center resulting in a heme-azide complex, which, upon nitrogen extrusion, leads to the 

formation of a putative iron-nitrenoid intermediate.12 Via experiments with radical probe 

substrates, we further established that the C—H amination reaction proceed via a stepwise, 

H atom abstraction/radical rebound mechanism (Figure 1A, productive pathway (blue)).13 
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The latter was further supported by more recent computational (DFT) analyses37 and stud-

ies on P450-catalyzed C—H aminations with other nitrene precursors.20 Along with the 

productive pathway mentioned above, an unproductive pathway involving protonation and 

reduction of the putative iron-nitrenoid intermediate was proposed to account for the accu-

mulation of reduced sulfonamide byproduct in the reactions with sulfonylazide substrates 

(Figure 1A, nonproductive pathway (grey)).12-13  This competing side reaction, which has 

been observed in various other hemoprotein-catalyzed nitrene transfer reactions,13,17 inher-

ently reduces the catalytic efficiency of these biocatalysts in the context of these non-native 

transformations. Guided by mechanistic considerations concerning the origin of this non-

productive pathway, we report here the rational design of engineered P450-based catalysts 

with greatly increased C—H amination efficiency via targeting and altering a series of con-

served structural elements present in these enzymes. In addition, this mechanism-driven 

approach led to the discovery of two naturally occurring P450s, XplA and BezE, as efficient 

C—H aminases, thereby providing additional metalloprotein scaffolds for the development 

of novel nitrene transfer biocatalysts.  
 

 

Figure 1. C—H amination vs. C—H hydroxylation mechanism. (A) Proposed mechanism for 

cytochrome P450-catalyzed C—H amination of sulfonyl azides (blue) and the unproductive path-

way leading to sulfonamide formation (grey). HAA = H atom abstraction; RR = radical rebound. 

(B) Catalytic cycle for P450-catalyzed monooxygenation (hydroxylation). The two proton transfer 

steps implicated in the formation of Compound I (Cpd I) are highlighted in red.   
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Results and Discussion 

Mutagenesis of Proton Relay Residues 
The proposed mechanism for P450 catalyzed C—H amination (Figure 1A) differs signifi-

cantly from the canonical monooxygenation mechanism of cytochromes P450 (Figure 
1B).38 In the native monooxygenation reaction, upon formation of the iron-peroxo interme-

diate, two proton transfers along with two single-electron transfers (SET) are required for 

the heterolytic cleavage of the O—O bond, leading to the formation of Compound I 

((heme)Fe(IV)=O•+) as the active oxidant species (Figure 1B). Because of the functional 

importance of these proton transfer steps for monooxygenation reactivity, a highly con-

served threonine (or serine) residue is found in the I helix of P450s (Figures 2a), which is 

implicated in the delivery of protons to the distal oxygen of the iron-peroxide intermediate 

leading to heterolytic cleavage of the O—O bond to form Compound I.39-41 Consistent with 

its role in facilitating the formation of Compound I, mutation of this residue has been asso-

ciated with a decrease in coupling efficiency and monooxygenation activity in P450s.39-41 

While this conserved threonine residue is critical for monooxygenase activity, we hypoth-

esized that the proton transfer process mediated by this residue and associated proton relay 

pathway (vide infra) is not only unnecessary but actually deleterious in the context of the 

non-native C—H amination reactivity, potentially contributing, at least in part, to the un-

productive reductive pathway occurring in P450-catalyzed nitrene transfer reactions and 

thus to reducing the efficiency of these processes. Accordingly, we surmised that disruption 

of the native proton relay system could provide a pathway to develop more efficient P450-

based C—H amination catalysts.  

  To test this approach, we selected as model system the intramolecular C—H amina-

tion of sulfonyl azides catalyzed by FL#62, an engineered variant of the bacterial long-

chain fatty acid hydroxylase P450BM3 we previously identified to exhibit good activity in 

this reaction.12 In this P450, the highly conserved threonine residue lying above the heme 

cofactor corresponds to Thr268 (Figure 2a).41 As this residue is buried in the core of the 

enzyme, a more extended proton relay network must be involved in shuttling protons from 

the bulk solvent to the heme-bound oxygen and hydroperoxo species during the native cat-

alytic cycle for monooxygenation (Figure 1b). Upon inspection of P450BM3 crystal 
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structure,42 we identified His266, Glu267, and Thr438 as potential residues involved in this 

proton shuttle pathway, based on the H-bonding ability of their side-chain groups and close 

distance from each other and from Thr268 (Figure 2a). In P450cam, an aspartate residue 

(Asp251) corresponding to Glu267 in P450BM3 was previously suggested to operate in con-

cert with the conserved threonine (Thr252 in P450cam) in the aforementioned proton transfer 

process.43  

  Following the mechanistic considerations outlined above, Thr268, His266, Glu267, 

and Thr438 were targeted for mutagenesis with the purpose of disrupting the native proton 

relay network in this P450. To this end, His266, Thr268, and Thr438 were substituted for 

the isosteric yet non-hydrogen bonding amino acids Phe and Val, respectively, in order to 

remove their proton transfer ability without altering the steric environment around the ac-

tive site. Glu267 was mutated to alanine as its side chain is solvent exposed and thus un-

likely to have an impact on substrate orientation within the active site. The corresponding 

single-site FL#62 variants were then tested for their C—H amination activity using the 

model substrate 2,4,6-triisopropylbenzenesulfonyl azide 1a (Table 1, Entries 2-6). These 

reactions were carried out under catalyst-limited conditions (i.e., by measuring total turno-

vers or TTN), to best assess the effect of the mutations on the enzyme catalytic efficiency 

in this reaction. Gratifyingly, all of these rationally designed variants with the only excep-

tion of FL#62(E267A), were found to exhibit a significant increase in C—H amination 

activity over the parent protein FL#62. Among them, FL#62(H266F) and FL#62(T268V) 

were identified as the most active variants, supporting ~1,700 TTN for the formation of 1b 

compared to 460 TTN for the parent enzyme (Table 1, Entries 2 and 5 vs. 1). Interestingly, 

the isosteric T268V mutation shows a more beneficial effect compared to a T268A muta-

tion previously introduced in this enzyme (1,640 vs. 1,210 TTN; Entry 5 vs. 4).12  
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Figure 2. Distal and proximal regions surrounding the heme cofactor (stick model, wheat) in the 

crystal structure of cytochrome P450BM3 heme domain (pdb 1BU7). A) View of the P450BM3 heme 

pocket highlighting Thr268 and other putative proton relay residues targeted by mutagenesis (or-

ange). B) View of proximal region of the enzyme highlighting the cysteine-ligand loop residues 

and other nearby residues targeted for mutagenesis (purple). The heme-ligating cysteine residue is 

also shown as stick model (grey). 

 

  These results encouraged us to combine the mutations H266F, E267A, T268V, and 

T438V to give a series of double and triple mutant variants (Table 1, Entries 7-11). Among 

these second-generation variants, FL#62(H266F,T268V) emerged as the best catalyst, sup-

porting 2,450 TTN for the C—H amination of 1a (Table 1, Entry 7). Introduction of the 

beneficial T438V mutation in FL#62(H266F,T268V) (Table 1, Entry 11) did not yield fur-

ther increases in activity. Similarly, pairing the E267A mutation with the beneficial muta-

tions T268V or T438V led to catalysts with C—H amination activity comparable or lower 

than that of the single variants (Table 1, Entries 8-9). Overall, the beneficial effect of the 

rationally designed mutations along with the additive effect of the H266F and T268V mu-

tations supported our working hypothesis that targeting the native proton relay pathway is 

beneficial toward enhancing the C—H amination reactivity of this P450.  
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Table 1. Catalytic turnovers and selectivity of engineered P450BM3 catalysts for the C—H ami-

nation of 2,4,6-triisopropylbenzenesulfonyl azide 1a.a 

 
Entry Variant TTNb Select. (%)c 

1 FL#62 460 ± 15 86% 

2 FL#62(H266F) 1,700 ± 90 88% 

3 FL#62(E267A) 340 ± 30 77% 

4 FL#62(T268A) 1,070 ± 35 86% 

5 FL#62(T268V) 1,640 ± 160 88% 

6 FL#62(T438V) 1,210 ± 50 89% 

7 FL#62(H266F,T268V) 2,450 ± 300d 87% 

8 FL#62(E267A,T268V) 1,680 ± 250 89% 

9 FL#62(E267A,T438V) 360 ± 30 84% 

10 FL#62(T268V,T438V) 640 ± 120 85% 

11 FL#62(H266F,T268V,T438V) 2,170 ± 75d 82% 

12 FL#62(H266F,T268V,P392G) 3,360 ± 150d 87% 

13 FL#62(H266F,T268V,F393P) 2,650 ± 300d 81% 

14 FL#62(H266F,T268V,G394P) 2,430 ± 50d 75% 

15 FL#62(H266F,T268V,I401P) 1,260 ± 90d 79% 

16 FL#62(H266F,T268V,G402P) 2,630 ± 290d 71% 

17 FL#62(H266F,T268V,P392G) 14,800 ± 800e 74% 

a 0.5 μM P450, 3 mM substrate, 10 mM NADPH, 50 mM potassium phosphate buffer (pH 
8.0), 16 hours. b Total number of catalytic turnovers (mol sultam mol-1 P450). SD values 
are from triplicate experiments. c Mol sultam (1b) / mol total products (1b + 1c). d 10 mM 
substrate. e E. coli cells expressing P450 variant at OD600 = 40, 10 mM substrate, 50 mM 
potassium phosphate buffer (pH 7.2), 16 hours. 
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Alteration of the heme environment 
More broadly, the studies above suggested to us that altering conserved structural elements 

in a P450 can help improve its non-native nitrene transferase activity. Indeed, further char-

acterization of FL#62(H266F,T268V) revealed that its CO-bound form exhibits a Soret 

band with a λmax at 422 nm (Figure 3b) instead of the typical 450 nm peak (Figure 3a), a 

spectroscopic feature characteristic of cytochromes P450 with a folded structure but an al-

tered heme ligation environment.44-46 Based on these considerations, we sought to further 

improve the catalytic performance of these engineered P450 variants by targeting other 

conserved structural features around the heme group, namely the loop encompassing the 

invariable heme-ligating cysteine residue (C400) and other conserved residues lying under-

neath the heme cofactor (Figures 2b and S1). We envisioned that amino acid mutations 

targeted to this region of the protein could lead to a perturbation of the heme environment, 

potentially resulting in increased nitrene transfer reactivity. Accordingly, mutations P392G, 

F393P, G394P, I401P, and G402P were introduced into the best ‘proton relay variant’, 

FL#62(H266F,T268V), to give a series of triple mutants.  In this case, a Xaa→Pro and 

Pro→Gly mutagenesis strategy was applied with the goal of inducing a significant confor-

mational change at the level of each of these residues (Figure 2b). This approach led to 

P450 variants with improved catalytic activity in the C—H amination of 1a compared to 

FL#62(H266F,T268V) (Table 1, Entries 12-16). In particular, 

FL#62(H266F,T268V,P392G) was identified as the most active C—H aminase within this 

third generation of variants, supporting 3,360 TTN for this reaction in vitro. Notably, this 

P450 variant was found to display a significantly altered spectroscopic profile compared to 

canonical P450s (Figure 3a), showing a weak and blue shifted Soret band at 383 nm in its 

ferric state and a weak band with a maximum absorption at 422 nm in its CO-bound form 

(Figure 3c). These features are clearly indicative of a major structural distortion at the level 

of protein-bound heme cofactor induced by the P392G mutation, causing the protein to lose 

its characteristic P450s features.  
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Figure 3. Electronic absorption spectra for (a) FL#62, (b) FL#62(H266F,T268V), (c) 

FL#62(H266F,T268V,P393G), (d) BezE, (e) XplA-heme and (f) XplA-RhF in their ferric (solid 

line), ferrous (dotted line), and CO-bound form (dashed line). The insert shows the Q band region.  
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Further characterization via kinetic experiments showed that the increase in catalytic activ-

ity (TTN; Table 1) exhibited by the improved FL#62-derived C—H aminases is accompa-

nied by an increase in their catalytic efficiency (kcat/KM) for the C—H amination reaction 

(Table 2). A 2- and 3-fold higher kcat/KM value was indeed measured for FL#62(T268V) 

and FL#62(H266F), respectively, compared to the parent enzyme FL#62 (kcat/KM = 128-

193 M-1s-1 vs. 56 M-1s-1), with this increase in catalytic efficiency being mostly driven by a 

decrease in KM. The combination of the beneficial T268V and H266F mutations resulted 

in nearly additive improvement in catalytic efficiency (kcat/KM = 295 M-1s-1) for the intra-

molecular C—H amination of 1a, corresponding to a five-fold enhancement over FL#62. 

A similar increase in kcat/KM is also displayed by FL#62(H266F,T268V,P393G), whose 

improvement in catalytic efficiency is mainly driven by an increase in the turnover number 

(kcat = 3.4 s-1 vs. 0.96 s-1 for FL#62; Table 2). To further assess the catalytic efficiency of 

FL#62(H266F,T268V,P329G), this variant was tested in whole-cell biotransformation with 

1a. Under these conditions, this variant was found to produce the desired sultam product 

1b in 70% yield with a TTN value of 14,800 (Table 1, Entry 17). This TTN value corre-

sponds to the highest catalytic activity for a biocatalytic nitrene transfer reaction reported 

to date, with only one notable exception20, and it compares well with the highest TTN val-

ues reported for monooxygenation reactions catalyzed by engineered P450s.24-36 
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Table 2. Kinetic parameters of the different P450-derived catalysts for the intramolecular C—H 

amination of 1a into sultam 1b.a 

 
Entry Catalyst KM (mM)b kcat (S

-1)b kcat/KM (M-1 S-1) 

1 FL#62 17.0 ± 2.7 0.96 ± 0.14 56 ± 12 

2 FL#62(H266F) 1.4 ± 0.2 0.27 ± 0.06 193 ± 50 

3 FL#62(T268V) 3.9 ± 0.1 0.50 ± 0.03 128 ± 8 

4 FL#62(H266F,T268V) 2.0 ± 0.2 0.59 ± 0.05 295 ± 38 

5 FL#62(H266F,T268V,P392G) 12.2 ± 1.9 3.4 ± 0.4 280 ± 55 

6 XplA-RhF 5.2 ± 1.2 1.1 ± 0.2 228 ± 67 

7c BezE 7.0 ± 0.9 14.7 ± 0.4 2,140 ± 280 

a Conditions: 1 μM P450, 0.5 mM to 10 mM substrate, 10 mM NADPH, 50 mM potassium phosphate buffer, 

pH 8.0. Reaction were quenched at 5 min after addition of substrate. b Derived from Michaelis Menten equa-

tion; reported value are mean ± SD. c Using 10 mM Na2S2O4, 50 mM potassium phosphate buffer, pH 6.0. 
 
Analysis of C—H amination reactivity and selectivity 
 

To determine whether the improved activity of the P450 variants toward 1a reflects a gen-

eral enhancement in the C—H amination reactivity of these enzymes, 

FL#62(H266F,T268V) and FL#62(H266F,T268V,P393G) were tested against a broader 

panel of sulfonyl azide substrates (Figure 4a). Across all these substrates, both variants 

displayed a significant improvement in catalytic activity compared to the parent enzyme. 

These improvements corresponded to a 5-fold to 10-fold increase in total turnovers for the 

cyclization of compound 3a and 4a. An even larger activity improvement (87-fold) was 

observed for the cyclization of 2a catalyzed by FL#62(H266F,T268V,P393G), which sup-

ports 870 TTN in this reaction compared to only 10 TTN for FL#62 (Figure 4a). Further 

corroborating this trend, a good overall correlation (R2 = 0.61) was found across the entire 

set of engineered FL#62-derived variants between their TTN toward the synthesis of 2b vs. 

1b (Figure 4b). Altogether, these results demonstrated that the improved performance of 
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these biocatalysts is not limited to the substrate utilized during the initial activity studies, 

but it rather reflects a general enhancement of their catalytic efficiency as nitrene transfer-

ases.  

  As the mutations in the ‘proton relay variants’ series were designed to suppress the 

unproductive pathway leading to the reduction (sulfonamide) byproduct, we then investi-

gated the selectivity of these P450s with respect to formation of the C—H amination over 

the reduction byproduct using 2,4,6-triethylbenzenesulfonyl azide 4a as the probe substrate. 

Unlike for 1a, the FL#62-catalyzed C−H amination of 4a proceeds with modest selectivity 

(17% vs. 86%), indicating that the unproductive reductive pathway competes significantly 

with the C—H amination pathway in this substrate. This also corresponded to a signifi-

cantly lower efficiency of this enzyme toward cyclization of 4a vs. 1a (34 vs. 460 TTN).  

Importantly, these experiments revealed that the large majority of the proton relay variants, 

and in particular FL#62(H266F,T268V) and FL#62(H266F,T268V,T438V), exhibit an im-

provement in the selectivity of the reaction (28-31%) compared to the parent enzyme 

FL#62 (17% select.) (Table S1). Overall, these results are consistent with the notion that 

the introduced mutations are effective toward suppressing the unproductive pathway lead-

ing to the reduction byproduct, thereby resulting in an increased C—H amination effi-

ciency.   
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Figure 4. C—H amination activity of panel of FL#62-derived variants on differently substituted 

arylsulfonyl azides 2a-4a (a) and correlation between their TTN values for the C—H amination of 

1a and 4a (b). 

Monooxygenase Activity of Improved C—H Aminases 
To examine the impact of these mutations on the native monooxygenase activity of the 

P450s, the improved C—H aminases were further characterized with respect to their hy-

droxylation activity on methyl ibuprofen (mIbu. 5), a small-molecule drug previously found 

to be a viable substrate for oxidation by engineered P450BM3 variants.31,47 FL#62 catalyzes 
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the hydroxylation of mIbu to yield 6 and 7 in a 91:9 ratio with 1,100 TTN (Table 3). In 

contrast, FL#62(H266F,T268V) showed a significantly reduced efficiency toward this 

monooxygenation reaction, supporting 186 TTN (= 83% reduction in activity). Moreover, 

the further improved C—H aminase FL#62(H266F,T268V,P392G) was nearly inactive as 

monooxygenase, displaying only 5 TTN in this reaction and thus a >99% drop in activity 

compared to FL#62. A similar trend was observed for the product formation rate in these 

hydroxylation reactions, which decreased by 50- and >500-fold for FL#62(H266F,T268V) 

and FL#62(H266F,T268V,P392G), respectively, compared to the parent enzyme (Table 
3). Similarly, the coupling efficiency of the P450s was found to drop from 74% for FL#62 

to 25% for FL#62(H266F,T268V) and to less than 1% for FL#62(H266F,T268V,P392G). 

The significantly increased uncoupling of the latter P450 variants in the monooxygenation 

reaction is consistent with an impairment of the proton transfer steps implicated in P450 

catalytic cycle as monooxygenase,39-41 thus further supporting the predicted role of the mu-

tations in altering the native proton transfer mechanisms in these enzymes. Overall, the 

inverse correlation between the C—H amination and C—H hydroxylation activity across 

this panel of P450 variants highlighted the fact that divergent, and nearly orthogonal, active 

site features are critical for supporting the non-native nitrene transfer reactivity compared 

to the native monooxygenase activity.   

 

Table 3. Hydroxylation activity of engineered P450BM3 C—H amination catalysts on ibuprofen 

methyl ester (5).a 

O

O

O

O

O

O

5
OH

HO
P450 variant

NADPH
KPi buffer (pH 8.0)

aerobic

+

6 7  

Variant TTNb 6 7 Ratec 

(TON min-1) 
Coupling 

Efficiencyd 

FL#62 1,100 ± 80 91% 9% 1,230 ± 35 74% 

FL#62 (H266F,T268V) 185 ± 15 91% 9% 25 ± 1 25% 

FL#62 (H266F,T268V,P392G) 5 ± 1 79% 21% 2 ± 0.2 <1% 
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a 0.1-1 μM P450, 1 mM mIbu (5), 2 μM phosphite dehydrogenase (PTDH), 100 μM NADP+, 50 mM potassium 

phosphite in potassium phosphate buffer (50 mM, pH 8), 16 hours. b Total turnover numbers (mol (6+7) mol-1 

P450). c Rate of product formation (turnovers min-1) over initial 30 sec. d Ratio between rates of product formation 

and NADPH oxidation over initial 30 sec.  

 

Naturally occurring P450 XplA and BezE are efficient C—H aminases   
  Motivated by these findings, we sought to identify naturally occurring P450s which 

could potentially support non-native nitrene transferase reactivity by virtue of their atypical 

active site features and/or catalytic properties. Following these guiding principles, we iden-

tified in the cytochrome P450 XplA from Rhodococcus sp.48 and in the cytochrome P450 

BezE from Streptomyces sp. RI1849 two potential candidates for this purpose. XplA, which 

was isolated from an organism found in sites contaminated by the man-made explosive 

RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine),48 catalyzes the degradation of RDX to ni-

trite, 4-nitro-2,4-diazabutanal, formaldehyde and ammonia, which is used as a nitrogen 

source by the host organism (Figure 5c).50-51 XplA is composed of a heme domain fused 

to a flavodoxin domain, which mediates the transfer of electrons from a cognate ferredoxin 

reductase (and NADH) to the heme domain during catalysis.48,52 Interestingly, the crystal 

structure of XplA heme domain53 reveals that while sharing a common P450 fold, this en-

zyme lacks the highly conserved threonine and glutamate pair implicated in the native pro-

ton transfer pathway found in canonical P450s. Indeed, these residues are replaced in XplA 

by an alanine and methionine residue, respectively, whose presence also induce a promi-

nent kink in the I helix (Figure 5a-b).53 While this unusual active site configuration has 

likely evolved to favor RDX-degrading activity, we envisioned it would be beneficial for 

supporting non-native nitrene transfer activity, as suggested by our results with the FL#62-

based proton relay variants. As a second candidate, we elected the P450 BezE recently 

reported by Oshini and co-workers.49 This P450 participates in the biosynthesis of ben-

zastatins by catalyzing the cyclization of geranyl functionalized precursors to give an indo-

line and tetrahydroquinoline product. This transformation shares mechanistic similarities 

with the activation of N-acylcarbamates we previously reported in the context of the P450-

catalyzed cyclization of carbonazidates13 and it was proposed to involve a nitrene-heme 

intermediate49 analogous to that previously proposed for the P450-catalyzed C—H 
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amination of sulfonyl azides.12 These mechanistic similarities suggested to us that BezE 

could exhibit C—H amination reactivity.  

 

 
Figure 5. Crystal structure of XplA heme domain in complex with imidazole (pdb 4EP6). (a) 

Close-up view of the I helix region containing residues Met394 and Ala395 (stick models, yellow). 

(b) View of XplA heme pocket highlighting the active site residues targeted for mutagenesis (or-

ange). (c) XplA-catalyzed catabolism of RDX. 

 

    Based on these considerations, the isolated heme domain of XplA (‘XplA-heme’) 

and BezE were tested for their ability to catalyze the C—H amination of 2,4,6-triiso-

propylbenzene-sulfonyl azide 1a (Table 4). Both P450s were found to be able to catalyze 

this transformation with high efficiency. In particular, XplA was found to support over 

1,700 TTN in this reaction with 82% selectivity for formation of the C—H amination prod-

uct 1b over the sulfonamide byproduct 1c (Table 4, Entry 1). BezE also proved to be a 

remarkably efficient biocatalyst for this non-native reaction, supporting nearly 11,000 total 

turnovers for the formation of the C—H amination product in the presence of sodium di-

thionite as the reductant (Table 4, Entry 11). Thus, even prior to optimization via protein 

engineering, these natural P450 systems exhibit a C—H amination reactivity comparable 
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to that of the best performing FL#62-derived variants. In line with these results, kinetic 

experiments revealed that turnover rate (kcat) and catalytic efficiency (kcat/KM) of XplA for 

the cyclization of 1a are comparable to those of the best P450BM3-derived C—H aminase 

FL#62(H266F,T268V,P392G) (Table 2, Entry 6 vs. 5). BezE, on the other hand, displays 

an even higher kcat (14.7 s-1 vs. 3.4 s-1) and kcat/KM values (2,140 M-1s-1 vs. 280 M-1s-1) 

(Table 2, Entry 7). Notably, the catalytic efficiency of BezE in this non-native reaction is 

comparable to that of certain biosynthetic P450s on their native reactions (~500-17,000 M-

1s-1).54-56  

 
Table 4. Catalytic activity and selectivity of wild type XplA and BezE and engineered variants 

thereof the in intramolecular C—H amination reaction with 1a.a 

 
Entry Variant Reductant TTNb Selectivityc 

1 XplA-heme Na2S2O4 1,780 ± 170 82% 

2 XplA-heme(M322A) Na2S2O4 1,710 ± 210 84% 

3 XplA-heme(Q325A) Na2S2O4 2,890 ± 300 90% 

4 XplA-heme(V391A) Na2S2O4 390 ± 45 92% 

5 XplA-heme(M394A) Na2S2O4 380 ± 50 92% 

6 XplA-heme(Q438A) Na2S2O4 610 ± 80 83% 

7 XplA-heme(C503S) Na2S2O4 3,830 ± 120 87% 

8 XplA-RhF NADPH 8,090 ± 1270 96% 

9 XplA-RhF NADPH 5,460 ± 200d 91% 

10 XplA-RhF NADPH 13,410 ± 3600e 81% 

11 BezE Na2S2O4 10,880 ± 1270 87% 

12 BezE(T256V) Na2S2O4 11,200 ± 1280 86% 

a 0.5 μM P450, 10 mM substrate, 10 mM reductant in 50 mM potassium phosphate 

buffer (pH 6.0 (BezE) or 8.0 (XplA)), 16 hours. b Total turnover numbers (mol sultam 
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mol-1 P450). c Mol sultam (1b) / mol total products (1b + 1c). d 3 mM substrate. e E. 

coli cells expressing P450 variant at OD600 = 40, 10 mM substrate, 50 mM potassium 

phosphate buffer (50 mM, pH 7.2), 16 hours. 

 
Engineered XplA and BezE variants  
 To gain insights into the evolvability of these newly discovered C—H aminases, these 

P450s were subjected to mutagenesis. Upon inspection of the available crystal structure of 

XplA, residues Met322, Gln325, Val391, Met394, and Gln438 were found to project their 

respective side chains into the heme cavity where the sulfonyl azide substrate is expected 

to bind (Figure 5b). Accordingly, these positions were mutated to alanine with the two-

fold purpose of expanding the active site volume and examining the impact of these muta-

tions on XplA-dependent C—H aminase activity. While most of these mutations were 

found to reduce such activity, a two-fold improvement in the C—H amination activity of 

XplA was induced by the Q325A mutation (2,890 vs. 1,780 TTN; Table 4, Entries 3 vs. 

1). Gln325 is located at the C-terminal end of the F-helix, ‘gating’ the entrance of the chan-

nel connecting the solvent to the heme pocket. Its mutation to alanine could thus potentially 

favor access of the bulky substrate 1a to the heme cavity. We then tested the substitution 

of the conserved heme-ligating cysteine to serine (C503S), as an analogous mutation was 

found useful by the Arnold group to improve the nitrene transfer activity of P450BM3.18,20 

This mutation proved beneficial toward increasing XplA C—H amination activity, result-

ing in a 210% increase in total turnovers for XplA-heme(C503S) vs. XplA-heme (3,830 vs. 

1,780 TTN; Table 4, Entries 7 vs. 1). Finally, XplA was tested in the form of an artificial, 

catalytically self-sufficient system, where the heme domain of XplA is fused to the reduc-

tase domain of P450-RhF from Rhodococcus sp. NCIMB 978457-58, here referred to as 

‘XplA-RhF’.59 This fusion construct, which resembles the multidomain arrangement of 

P450BM3, was envisioned to allow for the reduction of XplA to the catalytically competent 

ferrous form by means of NADPH, thus enabling the use of this biocatalyst also in the 

context of whole-cell reactions. Notably, XplA-RhF showed a significantly improved C—

H amination activity compared to XplA-heme, promoting the intramolecular C—H amina-

tion of 1a with more than 4-fold higher TTN (8,090 vs. 1,780 TTN), along with improved 

selectivity (96% vs. 82%; Table 4, Entry 8 vs. 1). At a substrate loading of 3 mM, nearly 

quantitative conversion (>90%) of 1a to 2a was achieved using this enzyme in purified 
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form (Table 4, Entry 9). Furthermore, XplA-RhF could be applied to the biotransformation 

of 1a into 2a in whole cells, where it was determined to support over 13,400 turnovers 

(Table 4, Entry 10). 

  Despite the fact that BezE does not natively catalyze a monooxygenation reaction,49 

sequence alignment analysis of this enzyme against a diverse panel of P450s (Figure S1) 

suggests that it maintains the highly conserved proton relay threonine found in cytochromes 

P450, which corresponds to T256 in BezE primary sequence. Based on our results with the 

FL#62 variants, a T256V mutation was introduced in BezE to assess the effect of this sub-

stitution on the C—H amination activity of this P450. The resulting Bez(T256V) variant 

was found to exhibit slightly improved TTN for the cyclization of 1a compared to the wild-

type enzyme (11,200 vs. 10,800 TTN, Entry 13 vs. 12), along with a comparable rate of 

C—H amination (730 vs. 780 turnovers min-1) and selectivity toward formation of the sul-

tam product over the reduced byproduct (86% vs. 87%). Altogether, these studies demon-

strated the robustness of both XplA and BezE to protein engineering toward further opti-

mization of their nitrene transferase activity.   

        

Kinetic Isotope Effect Experiments 
Kinetic isotope effect (KIE) experiments were then performed to gain insights into the 

mechanism of these enzymes and effect of mutations. As summarized in Table 5, intermo-

lecular kinetic isotope effects (KIEinter) were estimated from comparison of the kcat and 

kcat/KM values for the P450-catalyzed C—H amination reactions in the presence of non-

deuterated azide 4a and hexadeuterated azide 4a-d6, whereas the partially deuterated sub-

strate 4a-d3 was utilized to assess the extent of intramolecular kinetic isotope effects (KIEin-

tra) in these transformations. For the FL#62-derived variants, these experiments yielded 

KIEinter values close to or equal to unity (0.8-0.9 based on (kcat)(H)/(kcat)(D); 0.6-0.8 based on 

(kcat/KM)(H)/(kcat/KM)(D)), whereas relatively large and positive KIEintra ranging from 3.3 to 

4.2 were measured for the intramolecular competition reactions (Table 5). Across this se-

ries of related variants, the intramolecular KIE values are thus consistently larger than those 

measured in the intermolecular settings and the KIEintra increases with an increase of the 

enzyme’s C—H amination activity. Comparison of KIEinter vs. KIEintra has proven useful to 
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examine rate-determining steps prior to the C—H bond cleaving step in catalytic mecha-

nisms.60-63 In the present system, the observation that KIEinter ≈ 1 (within experimental  

Table 5. Inter- and intramolecular kinetic isotope effect experiments.a 
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c) Intramolecular KIE experiment (KIEintra):

4b-d3 4b-d2
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Variant 
KIEinter 

(kcat(4b)/ 
kcat(4b-d5))b 

KIEinter  
(kcat/KM(4b)/ 

kcat/KM(4b-d5))b 

KIEintra            
(4b-d2:4b-d3) 

KIEinter’’ 
(4b:4b-d5) 

KIEinter’’ 
(4c:4c-d6) 

 

FL#62 0.9 ± 0.2 0.8 ± 0.2 3.3 ± 0.3 2.4 ± 0.3 0.5 ± 0.1  

FL#62 (H266F,T268V) 0.8 ± 0.3 0.6 ± 0.1 4.1 ± 0.6 2.6 ± 0.1 0.4 ± 0.1  
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FL#62 
(H266F,T268V,P392G) 0.9 ± 0.1 0.8 ± 0.2 4.2 ± 0.5 2.5 ± 0.1 0.7 ± 0.1  

XplA-RhF 1.0 ± 0.2 0.9 ± 0.3 5.2 ± 0.1 2.0 ± 0.1 0.4 ± 0.1  

BezE 0.2 ± 0.1 0.6 ± 0.2 3.7 ± 0.1 2.3 ± 0.1 1.0 ± 0.1  

a 0.5 μM P450, 3 mM substrate(s), 10 mM reductant in 50 mM potassium phosphate buffer (pH 6.0 (BezE) 

or 8.0 (FL#62 and XplA variants)). b Corresponding kcat and KM values are provided in Table S2.    
 

error) and that KIEintra >> KIEinter suggests that a step prior to the C—H bond cleavage step 

is rate determining, resulting in ‘masking’ of the KIE associated with the latter.  

  Competitive intermolecular KIE experiments (KIEinter’’) were also carried out as 

these can provide complementary information compared to non-competitive intermolecular 

KIE experiments.63 Under these conditions, KIEinter’’ values ranging from 2.4 to 2.6 were 

measured, which are consistently larger than the KIEinter values measured under non-com-

petitive settings. Further analysis of these intermolecular competition reactions revealed an 

inverse kinetic isotope effect (KIEinter’’ = 0.4-0.7) for the formation of the sulfonamide 

products 1c, which showed an enrichment of the deuterated sulfonamide 4c-d6 over the 

protiated counterpart 4c. Importantly, these KIEinter’’ values are approximately inversely 

proportional to the KIEinter’’ values measured based on the C—H amination products (i.e., 

4b/4b-d3). Based on these results, the positive primary KIEinter’’ observed for the C—H 

amination reaction can be attributed to an induced kinetic isotope (IKIE) effect resulting 

from isotopically sensitive branching.64-65 Induced kinetic isotope effects arise when two 

distinct products derive from a common reaction intermediate at a branching point in the 

catalytic mechanism.64-69 Reasonably, as C—H amination is favored over C—D amination, 

reduction of the deuterated substrate can occur more readily, resulting in the accumulation 

of 4c-d6 over 4c and thus in the observed inverse KIEinter’’ for the reduction product. Taking 

into account the contribution of the IKIE to the KIEinter’’, the ‘true’ KIE for these C—H 

amination reactions in the intermolecular H/D competition settings approaches the unity 

(i.e., kH/kD ~ 1), which is in agreement with the results from the non-competitive intermo-

lecular KIE experiments. Given the significantly larger KIE observed in the intramolecular 

competition reaction (KIEintra  = 3.3-4.2) compared to KIEinter and KIEinter’’ and the reason-

able assumption that substrate binding to the enzyme is a significantly faster process com-

pared to the overall rate of these reactions (4-13 turnovers min-1), it can be derived that the 
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step(s) preceding the generation of the iron-nitrenoid intermediate, namely activation of the 

organic azide substrate (Figure 1a), is rate limiting in these reactions. 

  In the intramolecular competition experiments, the kinetic effects of the steps prior 

to C—H bond cleavage are eliminated due to formation of a common iron-nitrenoid inter-

mediate. As such, the KIEintra values directly report on the KIE associated with the C—H 

amination step. Under these conditions, the measured KIEintra values of 3.3-4.2 (Table 5) 

are similar to those reported for the FL#62-catalyzed C—H amination of carbonazidates 

(KIEintra = 4.7)13 and [Ru(VI)(TMP)(NNs)2]-catalyzed intermolecular C—H amination 

(kH/kD = 4.8; TMP = tetramethylporphyrin; Ns = -SO2C6H4NO2)70. Interestingly, the KIEin-

tra values for the improved FL62-based C—H aminases FL#62(H266F,T268V) and 

FL#62(H266F,T268V,P392G) (kH/kD = 4.1-4.2) are consistently higher than that of the par-

ent enzyme FL#62 (kH/kD =3.3; Table 5). Insightfully, the magnitude of KIEintra values in 

a mechanism with isotopically sensitive branching can be correlated to an increase in reac-

tion rate for the formation of one product caused by reduction in the reaction rate for the 

generation of a second product.67,71 In the present system, a reduction in the rate of the 

branching pathway leading to the reduction product is expected to make the rate of the 

overall reaction more dependent on the rate of the C—H amination step, resulting in an 

increase of the kinetic isotope effect associated with it. The increase in the KIEintra values 

for the improved P450 variants is thus consistent overall with a suppression of the unpro-

ductive pathway as a result of the mutations targeted to the proton relay pathway and heme 

environment. 

  Interestingly, XplA and BezE were found to exhibit KIEinter, KIEinter’’, and KIEintra 

values of similar magnitude to those measured for the FL#62-derived variants as well as an 

analogous trend of the KIEinter values being close to unity (0.6-0.9), KIEinter’’ being positive 

(2.0-2.3), and KIEintra values (3.7-5.2) being larger than both KIEinter and KIEinter’’ (Table 
5). In addition, in analogy to the FL#62-derived variants, XplA-RhF showed an inverse 

kinetic isotope effect of 0.4 for formation of the sulfonamide product 1c, indicating that the 

observed KIEinter’’ of 2.0 largely arises from an induced KIE. Considering the contribution 

of the latter to the KIEinter’’, the true KIE for the XplA-catalyzed intermolecular C—H ami-

nation reaction is close to one. This conclusion is consistent with the observed KIEinter of 

1.0 ± 0.3 obtained from the non-competitive intermolecular experiments.  Given the 
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significantly larger KIEintra of 5.2, it can be inferred that the azide activation step is rate 

limiting also in the XplA-catalyzed C—H amination reaction. In stark contrast, BezE 

showed a positive KIEinter’’ of 2.3 but no KIE for the formation of the reduction by-product, 

indicating the absence of a contribution from an IKIE to the KIEinter’’. Considering the 

KIEintra of 3.7 measured for this enzyme, these results indicate the occurrence of only a 

partial masking of the KIE associated with the H/D substitution in the inter- vs. intramo-

lecular competition reaction. In turn, these results suggest that in the BezE-catalyzed reac-

tion the C—H amination step is kinetically competitive with the azide activation step.   

 

Further Discussion 
  Taken together, the results described above contribute to depict a more detailed pic-

ture of the mechanism of P450-catalyzed C—H amination and they provide key insights 

into structural/functional features that control the efficiency and selectivity of P450s in 

these non-native reactions. First of all, the observation of the IKIE and associated isotopi-

cally sensitive branching in the P450BM3- and XplA-catalyzed reactions corroborates the 

notion that the C—H amination product and reduction byproduct originate from the same 

catalytic intermediate. In turn, the present results provide, for the first time, experimental 

support to the proposed branching of the reaction pathway at the level of the iron-nitrenoid 

intermediate12 as outlined in Figure 1a. Another important finding emerging from the pre-

sent studies is that the initial activation of the azide substrate to generate the iron-nitrenoid 

intermediate (Figure 1a) is rate limiting in the P450-catalyzed C—H amination of sulfonyl 

azides. These findings should help contextualize previous claims concerning the C—H 

amination step being rate limiting in these reactions, which were done without considering 

the impact of IKIE deriving from isotopically sensitive branching on experimental KIEinter’’ 

values15,21 and/or without considering the azide activation step in computational analyses 

of this reaction.37 Interestingly, the rate limiting effect of the azide activation step in the 

present reactions is shared by C—H amination reactions with alkyl and aryl azides cata-

lyzed by Co-72 and Ru-porphyrins73, but it diverges from the P450-catalyzed intramolecular 

C—H amination of carbonyl azides, in which the nitrene C—H insertion was determined 

to be rate limiting as suggested by comparably large KIEinter’’ (5.3) and KIEintra (4.7) 
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values.13 As such, our studies also highlight the impact of the type of nitrene precursor on 

affecting the kinetics of the catalytic steps involved in P450-catalyzed nitrene transfer.  

  Since the kcat/KM value describes the second order rate constant for the enzyme-

catalyzed conversion of a substrate into a product, the increase in catalytic efficiency 

(kcat/KM: 56 → 280 M-1s-1, Table 2) across the series of engineered P450BM3 variants can 

be interpreted on the basis of a beneficial effect of the introduced mutations toward accel-

erating these initial, rate determining steps of the catalytic cycle. Given the expected prox-

imity of the heme-bound organic azide to the T268V residue in P450BM3 active site (Figure 
2a), we speculate that this residue may participate in stabilizing this complex (e.g., via H-

bonding), thus contributing to a slowing down of the overall catalytic cycle. While for 

FL#62 and FL#62(H266F,T268V) most of the observed KIEinter’’ can be accounted for in 

terms of induced KIE, the true KIE estimated for the competitive intermolecular C—H 

amination reactions catalyzed by FL#62(H266F,T268V,P393G) remains positive (i.e., 

kH/kD > 1), suggesting that for this variant the C—H amination step becomes kinetically 

competitive with the azide activation step. In turn, this suggests that the azide activation 

step becomes faster in this P450 variant, which correlates with its overall faster C—H ami-

nation rate (i.e., 4- to 6-fold higher kcat; Table 2) compared to FL#62 and 

FL#62(H266F,T268V). Interestingly, the behavior of FL#62(H266F,T268V,P393G) ap-

proaches that of BezE, which exhibits an even lower degree of ‘masking’ of the KIE for 

the inter- vs. intramolecular reaction as well as a faster C—H amination rate (kcat = 14.7 s-

1; Table 2).    

  In line with our initial working hypothesis, disruption of the native proton relay sys-

tem proved effective toward enhancing the catalytic activity of the P450BM3-based C—H 

aminases. Our structure-activity data and mechanistic studies agree well in supporting the 

notion that such activity improvement is linked to a suppression of the unproductive (re-

ductive) pathway, in particular in the context of substrates such as 4a, in which this process 

is dominant over C—H amination. Our results show however that this beneficial effect is 

more general and not only—or not necessarily—associated with an increase in selectivity. 

Indeed, in the case of 1a, in which C—H amination occurs with good selectivity, the mu-

tations affecting the proton relay system induce a dramatic improvement in total turnovers 

(460 → 14,800 TTN), without having a significant impact on selectivity (87% vs. 86% for 
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FL#62; Table 1). These findings thus suggest a more complex mechanistic picture than 

originally anticipated (Figure 1a) and can be rationalized based on two possible, and not 

mutually exclusive, scenarios. Since an increase in TTN typically reflects a slower rate 

and/or fewer mechanisms of catalyst inactivation, a first hypothesis is that the rate enhance-

ment induced by the mutations toward the productive C—H amination pathway more ef-

fectively outcompetes parallel and independent pathways leading to enzyme inactivation. 

In addition to the behavior of the improved FL#62-based variants, this scenario is generally 

consistent with the high TTN exhibited by XplA, which naturally lacks the proton relay 

network. Alternatively, the proton relay network may be directly implicated in these cata-

lyst inactivation mechanisms. Consistent with either scenario, time-dependent analysis of 

the FL#62 reaction with 1a revealed that degradation of the heme cofactor constitutes a 

major mechanism of biocatalyst inactivation during nitrene transfer catalysis and that this 

process proceeds more slowly in the FL#62(H266F,T268V) variant (Figure S2).  

  Finally, the present studies highlight the orthogonality of the structural requirements 

inherent to supporting high C—H amination reactivity compared to monooxygenase activ-

ity. This trend is particularly apparent across the series of P450BM3 variants, where the pro-

gressive increase in C—H amination activity corresponds to a progressive loss in their 

monooxygenase activity (Table 3) and of the signature spectral features typical of P450s 

(Figure 3). In this regard, it is instructive to note that (i) the best performing P450BM3-based 

C—H aminase, FL#62(H266F,T268V,P393G), has completely lost its P450-like features; 

and (ii) BezE shares with FL#62(H266F,T268V) and FL#62(H266F,T268V,P393G) the 

property of giving predominantly a ‘P420 form’ upon complexation with CO, thus indicat-

ing an altered heme environment compared to the canonical cytochrome P450 monooxy-

genases (Figure 3). Further supporting this point is the high C—H amination activity of 

XplA which features a non-canonical active site configuration and no observable monoox-

ygenase activity toward 5. Overall, whereas our results demonstrate that both XplA and 

BezE constitute highly promising and evolvable scaffolds for the development of new 

nitrene transferases, they also suggest that other natural P450s that naturally lack monoox-

ygenase activity and/or other canonical P450-like structural features may constitute attrac-

tive platforms for this purpose. 
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Conclusions 

In summary, this work demonstrates the value of mechanism-guided rational design as a 

strategy for developing and discovering new and efficient P450-based catalysts for C—H 

amination via nitrene transfer. Using this approach, engineered P450BM3-based biocatalysts 

with dramatically enhanced catalytic turnovers, selectivity, and kinetics in the C—H ami-

nation of sulfonyl azides were obtained by targeting structural elements highly conserved 

across this family of enzymes. These studies revealed the divergent requirements associated 

with supporting nitrene transfer reactivity vs. monooxygenase activity, further leading to 

the identification of two ‘atypical’ natural P450s, XplA and BezE, as highly efficient C—

H aminases. Both enzymes were amenable to further optimization of their C—H amination 

activity via protein engineering, thereby representing promising scaffolds, along with the 

engineered P450BM3 variants, for the development of biocatalysts for nitrene transfer reac-

tions and, possibly, other abiological transformations. Finally, characterization of these en-

zymes has yielded new and valuable insights into the mechanism of P450-catalyzed C—H 

amination and into structural/functional features that control the efficiency and selectivity 

of P450s in these non-native reactions. These findings are expected to prove useful toward 

guiding the future design and development of nitrene transferases based on hemoproteins 

and other metalloenzymes. 

 

EXPERIMENTAL DETAILS 

Reagents and Analytical Methods. All chemicals and reagents were purchased from commercial 

suppliers (Sigma-Aldrich, AlfaAesar, Chem-Impex, Fluka) and used without any further purifica-

tion, unless otherwise stated. All moisture- or oxygen-sensitive reactions were carried out under 

an argon atmosphere in oven-dried glassware with magnetic stirring using standard gas-tight sy-

ringes, cannulae and septa. 1H and 13C NMR spectra were measured on a Bruker DPX-400 instru-

ment (operating at 400 MHz for 1H and 100 MHz for 13C) or a Bruker DPX-500 instrument (op-

erating at 500 MHz for 1H and 125 MHz for 13C). Tetramethylsilane (TMS) served as the internal 

standard (0 ppm) for 1H NMR, CDCl3 was used as the internal standard (77.0 ppm) for 13C NMR. 

Silica gel chromatography purifications were carried out using AMD Silica Gel 60 Å 230-400 

mesh. Thin Layer Chromatography (TLC) was carried out using Merck Millipore TLC silica gel 
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60 F254 glass plates. UV-Vis measurements were performed on a Shimadzu UV-2401PC UV-Vis 

spectrometer. HPLC analyses were performed on a Shimadzu LC-2010A-HT equipped with a Vi-

sionHT C18 reverse-phase column and a multidiode UV-Vis detector. Gas chromatography (GC) 

analyses were performed on a Shimadzu GC-2010 gas chromatograph equipped with a FID detec-

tor and a Chiral Cyclosil-B column (30 m x 0.25 mm x 0.25 μm). GC/MS analyses were performed 

on a Shimadzu GCMS-QP2010 equipped with a RTX-XLB column (30 m x 0.25 mm x 0.28 μm) 

and a quadrupole mass analyzer. 

Cloning and Plasmid Construction. Compared to wild-type CYP102A1, FL#62 contains the fol-

lowing mutations: V78A, F81S, A82V, F87A, P142S, T175I, A180T, A184V, A197V, F205C, 

S226R, H236Q, E252G, R255S, A290V, L353V. The plasmid encoding FL#62(T268A) was pre-

pared as described previously.74 Vectors encoding the P450BM3 variants with mutations to the pro-

ton relay system were prepared using pCWori_FL#62 as a template, primers BamHI_2_fwd and 

SacI_2_rev as superprimers, and the oligonucleotides of Table S3 as mutagenizing primers. The 

target gene products (1.5 Kbp) were prepared by overlap extension (SOE) PCR, digested with 

BamH I and Sac I restriction enzymes, and ligated to BamH I/Sac I double-digested pCWori vector. 

Vectors encoding the P450BM3 variants with mutations to the cysteine-heme-ligand loop were pre-

pared using pCWori_FL#62(H266F,T268V) as a template, primers BamHI_2_fwd and 

BM3RedRev_short as megaprimers, and the oligonucleotides of Table S3 as mutagenizing pri-

mers. The target gene products (3.2 Kbp) were prepared by stitching with overlap extension (SOE) 

PCR, digested with BamH I and EcoR I restriction enzymes, and ligated to BamH I/EcoR I double-

digested pCWori vector. A LICRED-based vector encoding XplA-RhF59 was kindly provided by 

Prof. Neal Bruce (University of York). Using this vector as template, genes encoding the XplA-

heme variants were amplified by overlap extension (SOE) PCR using XplA_fw and XplA_rv as 

superprimers, and the oligonucleotides of Table S3 as mutagenizing primers. The XplA-heme 

fragments were digested with Nde I and Xho I restriction enzymes and cloned into the Nde I/Xho 

I cassette of pET22b vector (Novagen). The vector encoding BezE was prepared using a synthetic 

DNA template (Genscript) with codons optimized for expression in E. coli. The bezE fragment 

was then amplified using the primers BezE_fw and BezE_rv, digested with Nde I and Xho I re-

striction enzymes and cloned into the Nde I/Xho I cassette of pET22b vector (Novagen). 



28 

 

Protein Expression and Purification. The P450BM3 variants were expressed from pCWori-based 

plasmids containing the P450 gene under the control of a double tac promoter (BamH I/EcoR I 

cassette) as described previously.74 Typically, cultures of recombinant DH5α cells in Terrific Broth 

(TB) medium containing ampicillin (100 mg L-1) were grown at 37 °C (200 rpm) until OD600 

reached 1.0 and then induced with 0.25 mM β-D-1-thiogalactopyranoside (IPTG) and 0.3 mM δ-

aminolevulinic acid (ALA). After induction, cultures were shaken at 150 rpm and 27 °C and har-

vested after 20 hours by centrifugation at 3,400 x g at 4 °C. Cell lysates were prepared by soni-

cation and loaded on Q resin. P450s were eluted using 20 mM Tris, 340 mM NaCl, pH 8.0. After 

buffer exchange (50 mM potassium phosphate buffer, pH 8.0), the enzymes were stored at -80 °C. 

The proteins XplA-heme, XplA-RhF and bezE were expressed and purified as reported previ-

ously.49,53,59 P450 concentration was determined from CO-binding difference spectra (ε450-490 = 

91,000 M-1 cm-1). For BezE and its T256V variant, concentration was determined based on their 

ferric form using ε420 = 101,000 M-1 cm-1 and 110,000 M-1 cm-1, respectively, as determined using 

the hemochrome assay.75 For FL#62(H266F,T268V) and FL#62(H266F,T268V,P393G), concen-

tration was determined based on their ferric form using ε420 = 110,000 M-1 cm-1, as determined 

using the hemochrome assay.75 Phosphite dehydrogenase (PTDH) was expressed and purified as 

described previously.74  

Enzymatic C—H Amination Reactions. The reactions using purified protein were carried out at 

400 µL-scale using 0.5-1 µM P450, 3-10 mM substrate, and 10 mM NADPH in potassium phos-

phate buffer (50 mM, pH 8.0). In a typical procedure, a solution containing NADPH in potassium 

phosphate buffer (50 mM, pH 8.0) was degassed by bubbling argon into the mixture for 5 min in 

a sealed vial. A buffered solution containing the P450 enzyme was carefully degassed in a similar 

manner in a separate vial. The two solutions were then mixed together via cannulation. The reac-

tions using E. coli whole cells expressing P450 variants were carried out at 400 µL-scale using 3-

10 mM substrate, 50 mM glucose and 20 µL of an oxygen depletion system (from a stock solution 

containing 14,000 U/mL catalase and 1,000 U/mL glucose oxidase in 50 mM potassium phosphate 

buffer, pH 8.0). The cell suspension in 50 mM potassium phosphate buffer pH 7.2 and the glucose 

solution were carefully degassed by gentle sparging with argon for 40 and 10 min, respectively. In 

a typical procedure, 20 µL oxygen depletion system in a sealed vial was carefully degassed by 

purging the headspace with argon. Subsequently, cell suspension and glucose solution were added 

via syringe. Reactions were initiated by addition of 8 µL of azide (from a 0.5 M stock solution in 
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methanol) with a syringe, and the reaction mixture was stirred for 16 h at room temperature, under 

positive argon pressure. The reaction mixtures were analyzed by adding 8 µL of internal standard 

(fluorenone, 50 mM in DMSO) to the reaction mixture, followed by extraction with 400 µL of 

dichloromethane. The organic layer was removed via evaporation and the residue was dissolved 

in 300 μL methanol, filtered through 0.22 μm syringe filters, and analyzed by HPLC. Separation 

method: Injection volume: 20 μL. Flow rate: 1 mL/min. Gradient: 40% acetonitrile (0.1% TFA) in 

water (0.1% TFA) for 3 min, then increased to 90% over 15 min. Detector: 215 nm. Calibration 

curves were constructed using synthetically produced products. All measurements were performed 

at least in duplicate.  

Michaelis-Menten Kinetic Analyses. Kinetic parameters for the intramolecular C—H amination 

reaction of 2,4,6-triisopropylbenzenesulfonyl azide 1a were obtained from reactions carried out at 

the 0.5 mL-scale containing 1 µM purified P450, 10 mM NADPH in phosphate buffer (50 mM, 

pH 8.0) at room temperature. Azide 1a concentration was varied (from 0.5 to 10 mM) and reactions 

were initiated by addition of the substrate. After 300 seconds, the samples were added with 1 mM 

fluorenone, extracted with dichloromethane, and analyzed by HPLC using calibration curves of 

authentic standards. The kinetic parameters Vmax, kcat, and KM were obtained by non-linear fitting 

of the resulting plot of initial velocity (V) vs. substrate concentration to the Michaelis-Menten 

equation using SigmaPlot software. All measurements were performed at least in duplicates.  

Hydroxylation Reactions. Analytical-scale reactions (1 mL) were carried out using 0.1-1 µM 

P450, 1 mM substrate, 2 µM PTDH, 100 µM NADP+, and 50 mM sodium phosphite in phosphate 

buffer (50 mM, pH 8.0). After 16 hours at room temperature, the reaction mixtures were added 

with guaiacol (500 µM) as internal standard, extracted with dichloromethane, and analyzed by gas 

chromatography. Separation method: Injection volume: 1 μL. Injector temp.: 260 °C. Detector 

temp.: 260 °C. Gradient: column temperature set at 120 °C for 0 min, then to 150 °C at 17 °C min-

1, then to 240 °C at 10 °C min-1. Total run time was 11.76 min. 

Rate and Selectivity Analysis. Initial product formation rates were measured from 1 mL-scale 

reactions containing 0.5 mM substrate, 0.1-0.5 M purified P450, and 2 mM NADPH in phosphate 

buffer (50 mM, pH 8.0) at room temperature. After 30 seconds, the samples were added with 500 

µM guaiacol and extracted with dichloromethane. Cofactor oxidation rate in the presence of 
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substrate was measured by monitoring NADPH depletion at 340 nm (ε450-500 = 6.22 mM-1 cm-1) 

using 0.1 - 0.5 µM purified P450, 0.5 mM substrate, and 200 µM NADPH. Selectivity was calcu-

lated from the ratio between the initial product formation rate and the initial NADPH oxidation 

rate.  

Kinetic Isotope Effect Experiments. P450 reactions were carried out as above and stopped after 

3 or 4 hours by extraction with dichloromethane. The organic solvent was evaporated, the residue 

taken up in 20 µL of CH2Cl2, and the products separated by preparative TLC (30% EtOAc in 

hexanes). The sultam product was collected from the TLC in 200 µL of CH2Cl2 and analyzed by 

GC/MS (see Reagents and Analytical Methods section). For the intramolecular KIE experiments 

(KIEintra), 3 mM 4a-d3 was used and the KIE values were determined based on the ratios of the 

characteristic fragments with m/z of 227.1 (C—H amination) and 226.1 (C—D amination), as de-

picted in Figure S3a. For the competitive intermolecular KIE experiments (KIEintra’’), 1.5 mM 

each 4a and 4a-d6 were used and the KIE values for sultam or sulfonamide production were de-

termined based on the ratios of the characteristic fragments with m/z of 224.1 (non-deuterated) and 

229.1 (deuterated), as depicted in Figure S3b. For the non-competitive KIE experiments (KIEinter), 

Michaelis-Menten kinetic analyses were carried out using 4a or 4a-d6 at varying concentration 

(0.5 mM to 10 mM) in the presence of 5 μM P450 enzyme. Reactions were quenched after 10 min 

by extraction with dichloromethane and analyzed as described above. KM and kcat were derived via 

non-linear fitting of the initial velocity vs. substrate concentration plots to the Michaelis-Menten 

equation using SigmaPlot (Table S2) and KIEinter were obtained from the ratios of the kcat values 

(or kcat/KM values) in the presence of the protiated vs. deuterated substrate.  

Synthetic Procedures. Sulfonyl azides 2a, 3a and 4a were prepared according to previously re-

ported procedures.12 Authentic standards for sultams 1b-4b were prepared using Co(TPP) as de-

scribed previously.12,76 (S)-ibuprofen methyl ester 5 was prepared as described previously.31 The 

deuterated probe molecule 2,4,6-tris(ethyl-1,1-d2)benzenesulfonyl azide 4a-d6 was synthesized as 

described in Scheme S1 according to a reported procedure.21  2,4,6-Tris(ethyl-1-d)benzenesul-

fonyl azide 4a-d3 were synthesized using an analogous procedure with the exception that LiAlH4 

was used instead of LiAlD4 (Scheme S1).   

1,3,5-Tris(1-bromoethyl-1-d)benzene (9). To a stirred solution of 1,3,5-triacetyl benzene (1 g, 

4.9 mmol) in ethanol (15 mL) at 0 °C was added NaBD4 (558 mg, 14.7 mmol). Upon completion 
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of the reaction (ca. 2 hours), the reaction mixture was quenched with water (1 mL) followed by 

extraction with ethyl acetate (3 × 10 mL). The combined organic layers were washed with brine, 

dried over Na2SO4 and evaporated under vacuum. The resulting alcohol 8 was used directly in next 

step without purification. To a stirred solution of 8 (991 mg, 4.65 mmol) in 30 mL CH2Cl2 at -5 

°C was added PBr3 (1 M in dichloromethane, 9.31 mmol) and the reaction was stirred for 12 h at 

room temperature. The reaction mixture was then poured in ice water followed by extraction with 

CH2Cl2 (3 × 15 mL). The combined organic layers were washed with brine, dried over Na2SO4, 

and evaporated under vacuum. Flash column chromatography of the obtained residue on silica gel 

furnished 1,3,5-tris(1-bromoethyl-1-d)-benzene 9 as colorless oil in 75% yield. Rf = 0.68 (1% 

EtOAc in hexanes). 1H NMR (400 MHz, CDCl3): δ 7.41 (s, 3H), 2.04 (s, 9H). 

1,3,5-Tris(ethyl-1,1-d2)benzene (10). To a stirred solution of 1,3,5-tris(1-bromoethyl-1-d)ben-

zene 9 (1.4 g, 3.5 mmol) in anhydrous tetrahydrofuran (25 mL) was added LiAlD4 (880 mg, 21 

mmol) at -20 °C. The temperature was slowly increased to room temperature, and the reaction 

mixture was then refluxed for 24 hours. Upon completion of the reaction, 10 mL ice-cold water 

was added dropwise to the reaction mixture on an ice-batch. The products were extracted with 

ether (2 × 50 mL). The organic phase was washed with water (3 × 50 mL), dried with anhydrous 

Na2SO4, and concentrated by evaporation. Flash chromatography purification on silica gel fur-

nished 1,3,5-tris(ethyl-1,1-d2)benzene 10 as a colorless liquid in 15% yield. Rf = 0.88 (1% EtOAc 

in hexanes). 1H NMR (400 MHz, CDCl3): δ 6.98 (s, 3H), 1.22 (s, 9H). 13C NMR (100 MHz, 

CDCl3): δ 144.2, 124.8, 28.5–27.9, 15.9. GC–MS (m/z): 168 (M+), 153 (M-CH3), 137 (M-

CH3CD2). 

2,4,6-Tris(ethyl-1,1-d2)benzenesulfonyl azide (4a-d6). To a stirred solution of 1,3,5-tris(ethyl-

1,1-d2)benzene 10 (88 mg, 0.56 mmol) in anhydrous CHCl3 (1 mL) at 0 °C under inert atmosphere 

was added ClSO3H (2.35 mmol) over 5 min. The reaction was stirred until completion of reaction 

as monitored by TLC. The reaction mixture was then poured into ice-cold water and extracted with 

dichloromethane (3 × 5 mL). The combined organic layers were washed with brine, dried over 

Na2SO4, and evaporated under reduced pressure to yield 2,4,6-tris(ethyl-1,1-d2)benzenesulfonyl 

chloride 11 as colorless oil (98% yield), which was carried out to the next step without further 

purification. To a stirred solution of 2,4,6-tris(ethyl-1,1-d2)benzenesulfonyl chloride 11 (136 mg, 

0.51 mmol) in acetone/water (1:1) (3 mL) at 0 °C was added NaN3 (66 mg, 1.03 mmol) and left 
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stirred at room temperature. After the reaction reached completion (~45 min), the reaction mixture 

was concentrated under reduced pressure, followed by extraction with dichloromethane (3 × 10 

mL). The combined organic layers were washed with brine, dried over Na2SO4 and evaporated 

under reduced pressure. The residue was purified by flash chromatography on silica gel yielding 

2,4,6-tris(ethyl-1,1-d2)benzenesulfonyl azide 4a-d6 in quantitative yield as a colorless oil. Rf = 

0.61 (5% EtOAc in hexanes). 1H NMR (400 MHz, CDCl3): δ 7.06 (s, 2H), 1.27 (s, 6H), 1.24 (s, 

3H). 13C NMR (100 MHz, CDCl3): δ 150.6, 146.3, 132.3, 129.6, 28.2–27.3, 16.6, 14.6. LC–MS 

(ESI) calculated for C12H11D6N3NaO2S [M+Na]+ m/z: 297.3, Observed: 297.2. 

2,4,6-Tris(ethyl-1-d)benzenesulfonyl azide (4a-d3). Following the procedure for compound 11 
and using 12 as starting material (Scheme S1), 2,4,6-tris(ethyl-1-d)benzenesulfonyl chloride 13 

was isolated as yellow oil in 15% yield. Rf  = 0.68 (in 5% EtOAc/hexane). 1H NMR (400 MHz, 

CDCl3): δ 7.09 (m, 2H), 3.3-3.11 (m, 2H), 2.66-2.64 (m, 1H), 3.81 (s, 3H), 1.31 (m, 6H), 1.25 (m, 

3H). 13C NMR (100 MHz, CDCl3): δ 151.6, 145.7, 139.4, 130.0, 28.2, 16.1, 14.7. Following the 

procedure for compound 4a-d6 and using 13 as starting material, 2,4,6-tris(ethyl-1-

d)benzenesulfonyl azide 4a-d3 was isolated as colorless oil in 92% yield. Rf  = 0.66 (in 5% 

EtOAc/hexane). 1H NMR (400 MHz, CDCl3): δ 7.09-7.07 (m, 2H), 3.04 (m, 2H), 2.65 (m, 1H), 

3.81 (s, 3H), 1.31-1.27 (m, 9H). 13C NMR (100 MHz, CDCl3): δ 150.7, 146.2, 132.2, 129.6, 28.1, 

16.7, 14.7. LC–MS (ESI) calculated for C12H14D3N3O2S [M+Na]+ m/z: 293.4, Observed: 293.5. 
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               cov    pid   1 [        .         .         .         .         :         .         .         .         .         1 100 
 1 P450cam  100.0% 100.0%     --------MTTE-------------TIQSNA--NL--APLPPHVPEH-LVFDFDMYNPSNLSAGVQEAWAVLQESNVPDLVWTRC--NGGHWIATRGQLI     
 2 TxtE      90.8%  17.6%     -----------------------------------------MTVP-----SPLA--DPS-IVPDPYPVYADLAQRRPVHWV---E--RLNAWAVLTYADC     
 3 XplA      90.4%  16.5%     ---------------------------------------MTAASIDR-ELVPWS--DPE-FRNNPYPWYRRLQQDHPVHKL------EDGTYLVSRYADV     
 4 P450nor   91.8%  22.4%     ---------------------------------------MASGAPS----FPFS--R-A-SGPEPPAEFAKLRATNPVSQVKLFD--GSLAWLVTKHKDV     
 5 EryK      91.3%  22.8%     -------------------------------------MTTIDEVPG------MA--D----ETALLDWLGTMREKQPVW----QD--RYGVWHVFRHADV     
 6 PikC      95.7%  23.3%     ------------------------------MRRTQ--QGTTASPPVL-DLGALG--Q-D-FAADPYPTYARLRAEGPAHRVRTPE--GDEVWLVVGYDRA     
 7 bezE      94.0%  22.6%     --------MGDSTSASTS-----TSTAWSEPRFRR--RPSVSSPPA--QL-PFE--Q-P-NVLRLAPGLRTLRSRGAVHRVRTVE--GDEAWLVTGHAWV     
 8 CYP51     92.0%  12.1%     ----------------------------------MSAVALPRVSGGHDEHGHLEEFR-----T--DPIGLMQRVRDECGDVGTFQLAGKQVVLLSGSHAN     
 9 CYP3A4    94.9%  12.4%     MALIPDLAMETWLLLAVSLVLLYLYGTHSHGLFKKLGIPGPTPLP---FLGNILSYH-----K-GF-CMFDMECHKKYGKVWGFYDGQQPVLAITDPDMI     
10 P450-BM3  92.8%  12.8%     ---------------------------------TIKEMPQPKTFG---ELKNLPLLN-----T-DKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLI     
11 CYP102A5  93.0%  10.4%     ------------------------------MEKKVSAIPQPKTYG---PLGNLPLID-----K-DKPTLSFIKIAEEYGPIFQIQTLSDTIIVVSGHELV     
 
               cov    pid 101          .         .         .         .         :         .         .         .         .         2 200 
 1 P450cam  100.0% 100.0%     REAYEDYRHFSSEC--------P------FIPREAGEAYDFIPTSMDPPEQRQFRALANQVVGMPVVDKLENRIQELACSLIESLRPQ----GQCNFTED     
 2 TxtE      90.8%  17.6%     AAGLKDPRLTADRGTEVLAAKFPGQPLPPDNIFHRW--TKNVVMYTDPPLHDALRRSVRAGFTRAAHQHYDQVLQKVAHDLVASIPAG---ATEIDAVPA     
 3 XplA      90.4%  16.5%     SHFAKLPIMSVEP---GWA-------DA-----GPWAVASDTALGSDPPHHTVLRRQTNKWFTPKLVDGWVRTTRELVGDLLDGVEAGQ----VIEARRD     
 4 P450nor   91.8%  22.4%     CFVATSEKLSKVRTRQGFP-------ELSASGK-QAAKAKPTFVDMDPPEHMHQRSMVEPTFTPEAVKNLQPYIQRTVDDLLEQMKQKGCANGPVDLVKE     
 5 EryK      91.3%  22.8%     QTVLRDTATFSSDP---------------TRVIEGASPTPGAIHEIDPPEHRALRKVVSSAFTPRTISDLEPRIRDVTRSLLA------DAGESFDLVDV     
 6 PikC      95.7%  23.3%     RAVLADPRFSKDWR------------NSTTPLTEAEAALNHNMLESDPPRHTRLRKLVAREFTMRRVELLRPRVQEIVDGLVDAMLA--APDGRADLMES     
 7 bezE      94.0%  22.6%     RRLLDDDRLGRSNP------------DPEAAAKDSGSALLASLLGGFATDHARLRALLEPHFSPERMLALRPYVEKLTRQLLDGLA---ARKPPVDLRQE     
 8 CYP51     92.0%  12.1%     EFFFRAGDDDLDQA-KAYP---------FMTPIFGEGVVFDASPER------RKEMLHNAALRGEQMKGHAATIEDQVRRMIADWGEAG----EIDLLDF     
 9 CYP3A4    94.9%  12.4%     KTVLVK-----ECY-SVFT---------NRRPFGPVGFMKSAISIAEDEEWKRLRSLLSPTFTSGKLKEMVPIIAQYGDVLVRNLRREAETGKPVTLKDV     
10 P450-BM3  92.8%  12.8%     KEACDESRFDKNLS-QALK---------FVRDFAGDGLFT---SWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKWERLNA-DEHIEVPED     
11 CYP102A5  93.0%  10.4%     AEVCDETRFDKSIE-GALA---------KVRAFAGDGLFT---SETHEPNWKKAHNILMPTFSQRAMKDYHAMMVDIAVQLVQKWARLNP-NENVDVPED     
 
               cov    pid 201          .         .         .         .         :         .         .         .         .         3 300 
 1 P450cam  100.0% 100.0%     YAEPFPIRIFMLLAGLPEEDIPHLKYLTDQMT---------------RPDGSMT---------------------FAEAKEALYDYLIPIIEQRRQKP-G     
 2 TxtE      90.8%  17.6%     LAAELPVRSAVHAFGVPEEDLGFLIPRVNTIM----------TYHSGPKDQPVTQE-----------------I-ILEKLTDLHTYASELLQGMRGKVLP     
 3 XplA      90.4%  16.5%     LAVVPTHVTMARVLQLPEDDADAVMEAMFEAM----------LMQSAEPADGD-VD-----------------R-AAVAFGYLSARVAEMLEDKRVNP-G     
 4 P450nor   91.8%  22.4%     FALPVPSYIIYTLLGVPFNDLEYLTQQNAIRT----------N-------GSSTAR-----------------E-ASAANQELLDYLAILVEQRLVEP-K     
 5 EryK      91.3%  22.8%     LAFPLPVTIVAELLGLPPMDHEQFGDWSGALV----------DIQMDDPTDPALAE-----------------R-IADVLNPLTAYLKARCAERRADP-G     
 6 PikC      95.7%  23.3%     LAWPLPITVISELLGVPEPDRAAFRVWTDAFV----------FPD-----DPAQ---------------------AQTAMAEMSGYLSRLIDSKRGQD-G     
 7 bezE      94.0%  22.6%     LALSLPIQVMCEWLGVPQEDKDRFGGWTQDAA----------NVG-----DPAR---------------------SKQGLGQLFGYCRQLVADKRRNP-G     
 8 CYP51     92.0%  12.1%     FAELTIYTSSACLIGKKFRDQLDGR----FAKLYHELERGTDP---LAYVDPY-------------LPIESFRR-RDEARNGLVALVADIMNGRIANPPT     
 9 CYP3A4    94.9%  12.4%     FGAYSMDVITSTSFGVNIDSLNN-PQDPFVENT--------KKLLRFDFLDPFFLSITVFPFLIPILEVLNICVFPREVTNFLRKSVKRMKESRLED--T     
10 P450-BM3  92.8%  12.8%     MTRLTLDTIGLCGFNYRFNSFYRDQPHPFITSMVRALDEAMNKLQRANPDDPAYDENK--------------RQFQEDIKVM-NDLVDKIIADRKAS--G     
11 CYP102A5  93.0%  10.4%     MTRLTLDTIGLCGFNYRFNSFYRETPHPFITSMTRALDEAMHQLQRLDIEDKLMWRTK--------------RQFQHDIQSM-FSLVDNIIAERKSS--G     
 
               cov    pid 301          .         .         .         .         :         .         .         .         .         4 400 
 1 P450cam  100.0% 100.0%     ----TDAISIV----ANGQ-VNGRPITSDEAKRMCGLLLVGGLDTVVNFLSFSMEFLAKSPEHRQELIERPER------------------IPAACEELL     
 2 TxtE      90.8%  17.6%     ----DTVIARL----AAAQDGLTETTPEQTVHQLALVFIALFAPTTPGSLSSGTLAFARNPRQVERFLADQAC------------------VDNTANEVL     
 3 XplA      90.4%  16.5%     ----DGLADSL----LDAA--RAGEITESEAIATILVFYAVGHMAIGYLIASGIELFARRPEVFTAFRNDESA------------------RAAIINEMV     
 4 P450nor   91.8%  22.4%     ----DDIISKL----CTEQ-VKPGNIDKSDAVQIAFLLLVAGNATMVNMIALGVATLAQHPDQLAQLKANPSL------------------APQFVEELC     
 5 EryK      91.3%  22.8%     ----DDLISRL----VLAE-VDGRALDDEEAANFSTALLLAGHITTTVLLGNIVRTLDEHPAHWDAAAEDPGR------------------IPAIVEEVL     
 6 PikC      95.7%  23.3%     ----EDLLSAL----VRTSDEDGSRLTSEELLGMAHILLVAGHETTVNLIANGMYALLSHPDQLAALRADMTL------------------LDGAVEEML     
 7 bezE      94.0%  22.6%     ----DDAISRI----CATEG-----IDDNEVLGLTALLLFGGYETTVARIGTCVSLLLADPEQWQALLRDPDL------------------VPGAVEETL     
 8 CYP51     92.0%  12.1%     DKSDRDMLDVLI---AVKAETGTPRFSADEITGMFISMMFAGHHTSSGTASWTLIELMRHRDAYAAVIDELDELYGDGRSVSFHALRQIPQLENVLKETL     
 9 CYP3A4    94.9%  12.4%     QKHRVDFLQLMIDSQNSKETESHKALSDLELVAQSIIFIFAGYETTSSVLSFIMYELATHPDVQQKLQEEIDAVLPNKAPPTYDTVLQMEYLDMVVNETL     
10 P450-BM3  92.8%  12.8%     EQS-DDLLTHM---LNGKDPETGEPLDDENIRYQIITFLIAGHETTSGLLSFALYFLVKNPHVLQKAAEEAARVLVDP-VPSYKQVKQLKYVGMVLNEAL     
11 CYP102A5  93.0%  10.4%     DQEENDLLSRM---LNVPDPETGEKLDDENIRFQIITFLIAGHETTSGLLSFAIYFLLKNPDKLKKAYEEVDRVLTDP-TPTYQQVMKLKYMRMILNESL     
 
               cov    pid 401          .         .         .         .         :         .         .         .         .         5 500 
 1 P450cam  100.0% 100.0%     RRFSL----VADGRILTSDYEFHGVQLKK-GD--QILLPQMLSGLDERENA-CPMHVDFSRQKVS----------HTTFGHGSHLCLGQHLARREIIVTL     
 2 TxtE      90.8%  17.6%     RYNASNQ---FTWRVAAKDVEMGGVRIEA-GQ--TLALFLGSANRDANMFE-RPNDFDLDRPNS---------ARHLSFGQGVHACLAAQLISLQLKWFY     
 3 XplA      90.4%  16.5%     RMDPPQ---LSFLRFPTEDVEIGGVLIEA-GS--PIRFMIGAANRDPEVFD-DPDVFDHTRPPAA--------SRNLSFGLGPHSCAGQIISRAEATTVF     
 4 P450nor   91.8%  22.4%     RYHTA--SALAIKRTAKEDVMIGDKLVRA-NE--GIIASNQSANRDEEVFE-NPDEFNMNRKWPP--------QDPLGFGFGDHRCIAEHLAKAELTTVF     
 5 EryK      91.3%  22.8%     RYRPPFPQ---MQRTTTKATEVAGVPIPA-DV--MVNTWVLSANRDSDAHD-DPDRFDPSRKSGG--------AAQLSFGHGVHFCLGAPLARLENRVAL     
 6 PikC      95.7%  23.3%     RYEGP--VESATYRFPVEPVDLDGTVIPA-GD--TVLVVLADAHRTPERFP-DPHRFDIRRDTAG----------HLAFGHGIHFCIGAPLARLEARIAV     
 7 bezE      94.0%  22.6%     RMSMPNPHTGGMPRYALTDFEIDGVTVRT-GD--FVLLNIIAANHDETAFA-DPDRVDVTRDTTG----------SLAFGHGAHHCVGAMLARMQLQVVL     
 8 CYP51     92.0%  12.1%     RLHPPLI---ILMRVAKGEFEVQGHRIHE-GD--LVAASPAISNRIPEDFP-DPHDFVPARYEQPRQEDLLNRWTWIPFGAGRHRCVGAAFAIMQIKAIF     
 9 CYP3A4    94.9%  12.4%     RLFPIAM---RLERVCKKDVEINGMFIPK-GV-VVMIPSYALH-RDPKYWTE-PEKFLPERFSKKNK-DNIDPYIYTPFGSGPRNCIGMRFALMNMKLAL     
10 P450-BM3  92.8%  12.8%     RLWPTAP---AFSLYAKEDTVLGGEYPLEKGDE-LMVLIPQLH-RDKTIWGDDVEEFRPERFENP---SAIPQHAFKPFGNGQRACIGQQFALHEATLVL     
11 CYP102A5  93.0%  10.4%     RLWPTAP---AFSLYAKEDTVIGGKYPIKKGEDRISVLIPQLH-RDKDAWGDNVEEFQPERFEEL---DKVPHHAYKPFGNGQRACIGMQFALHEATLVM     
 
               cov    pid 501          .         .         .         .         :         .    ] 565  Uniprot     Organism 
 1 P450cam  100.0% 100.0%     KEWLTRIPDFSIA--PGAQIQHKSGIVSGVQALPLVWDPATTKAV--------------------      P00183      Pseudomonas putida 
 2 TxtE      90.8%  17.6%     VALLNRFPGIRTA---GEPIWNENLEFRSLRSLPLSLR---------------------------      C9ZDC6      Streptomyces scabiei 
 3 XplA      90.4%  16.5%     AVLAERYERIELAEEPTVA---HNDFARRYRKLPIVLS---------------------------      Q8GPH7      Rhodococcus rhodochrous 
 4 P450nor   91.8%  22.4%     STLYQKFPDLKVAVPLGKINYTPLNRDVGIVDLPVIF----------------------------      P23295      Fusarium oxysporum 
 5 EryK      91.3%  22.8%     EEIIARFGRLTVDRDDERLRHFEQIV-LGTRHLPVLAGSSPRQSA--------------------      P48635      Streptomyces venezuelae 
 6 PikC      95.7%  23.3%     RALLERCPDLALDVSPGELVWYPNPMIRGLKALPIRWRRGREAGRRTG-----------------      O87605      Saccharopolyspora erythraea
 7 bezE      94.0%  22.6%     SQLVARFPTLRLAVGAEELRLRDSTLIGGLVHLPVTW----------------------------      A0A2Z5X755  Streotomyces sp. RI18 
 8 CYP51     92.0%  12.1%     SVLLREYEFEMAQ-PPESYRNDHSKMVV-QLAQPACVRYRRRTGV--------------------      P9WPP9      Mycobacterium tuberculosis 
 9 CYP3A4    94.9%  12.4%     IRVLQNFSFKPCK-ETQIPLKLSLGGLL-QPEKPVVLKVESRDGTVSGA----------------      P08684      Homo sapiens 
10 P450-BM3  92.8%  12.8%     GMMLKHFDFEDHT-NYELDIKETLT--L-KPEG-FVVKAKSKKIPLGGI--PSPSTEQSA-KKVR      P14779      Bacillus megaterium 
11 CYP102A5  93.0%  10.4%     GMLLQHFELIDYQ-NYQLDVKQTLT--L-KPGD-FKIRILPRKQTISHPTVLAPTEDKLKNDEIK      Q81BF4      Bacillus cereus 

 
Figure S1. Multiple sequence alignment of P450BM3, XplA, BezE and other cytochromes P450. 

The sequence alignment was constructed using the EMBL-EBI tool Clustal Omega1 and formatted 

using MView.2 Amino acid residues are color-coded by identity and query coverage (cov) and 

percent identity (pid) relative to the reference sequence P450cam are indicated. The regions 
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encompassing the conserved threonine residue and the heme-binding loop are highlighted with red 

boxes. Amino acid sequences (Uniprot) used are as follows: P450cam, P00183, Pseudomonas 

putida; TxtE, C9ZDC6, Streptomyces scabiei; XplA, Q8GPH7, Rhodococcus rhodochrous; 

P450nor or CYP55A1, P23295, Fusarium oxysporum; P450 EryK or CYP113A1, P48635, 

Saccharopolyspora erythraea; P450 PikC or CYP107L1, O87605, Streptomyces venezuelae; 

bezE, A0A2Z5X755, Streotomyces sp. RI18; CYP51, P9WPP9, Mycobacterium tuberculosis; 

CYP3A4, P08684, Homo sapiens; P450BM3 or CYP102A1, P14779, Bacillus megaterium; 

CYP102A5, Q81BF4, Bacillus cereus. 
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Figure S2. HPLC traces of a) hemin, b) heme extracted from FL#62, c) heme extracted from 

FL#62 incubated with Na2S2O4, d) heme extracted from FL#62 reaction with 2,4,6-

triisopropylbenzenesulfonyl azide 1a, and e) heme extracted from FL#62(H266F,T268V) reaction 

with 2,4,6-triisopropylbenzenesulfonyl azide 1a. Reaction conditions: Reactions were conducted 

as described in the Synthetic Procedures using 2 μM P450, with (c-e) or without 10 mM Na2S2O4 

(a-b), with (d-e) or without 10 mM 1a (a-c), in 50 mM phosphate buffer (pH 7.0). After 10 minutes, 

the reaction mixture was extracted twice with 0.5 mL methyl ethyl ketone, and the combined 

organic layers removed under reduced pressure. The residue was dissolved in 100 μL methanol 

and analyzed by C18 RP-HPLC. 
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Figure S3. GC-MS traces and EI-MS spectra of products from the intra- and intermolecular H/D 

competition experiments. KIE values were obtained from integration of the MS signals 

corresponding to the characteristic fragmentation products with m/z of 227.1 (C—H amination) 

and 226.1 (C—D amination) for the intra-, and m/z of 224.1 (non-deuterated) and 229.1 

(deuterated) for the intermolecular reaction. The insert boxes highlight the corresponding m/z 

values used for calculation of the KIE values. 

a) GC-MS trace and EI-MS spectrum for P450-catalyzed intramolecular H/D competition reaction 
with 4a-d3.  
 

 

 
 
 
 
 
 
 
 
 

4c-d3 4b-d3 + 
4b-d2 
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4b-d3 + 4b-d2: 

 
 
b) GC-MS trace and EI-MS spectra for P450-catalyzed intermolecular H/D competition reaction 
with 4a and 4a-d6. 
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4c-d6: 
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Table S1. Catalytic amination activity and selectivity of engineered P450BM3 variants toward the 

C—H amination of 2,4,6-triethylbenzenesulfonyl azide 4a.a 

 
 

Entry Variant TTNb Selectivity (%)c 

1 FL#62 34 ± 4 17% 

2 FL#62(H266F) 56 ± 5 21% 

3 FL#62(E267A) 24 ± 4 8% 

4 FL#62(T268A) 110 ± 5 21% 

5 FL#62(T268V) 110 ± 15 28% 

6 FL#62(T438V) 63 ± 20 15% 

7 FL#62(H266F,T268V) 170 ± 25 28% 

8 FL#62(E267A,T268V) 150 ± 10 23% 

9 FL#62(E267A,T438V) 39 ± 12 11% 

10 FL#62(T268V,T438V) 52 ± 5 29% 

11 FL#62(H266F,T268V,T438V) 170 ± 15 31% 

12 FL#62(H266F,T268V,P392G) 170 ± 25 14% 

13 FL#62(H266F,T268V,F393P) 130 ± 10 10% 

14 FL#62(H266F,T268V,G394P) 230 ± 25 9% 

15 FL#62(H266F,T268V,I401P) 170 ± 12 26% 

16 FL#62(H266F,T268V,G402P) 210 ± 15 10% 
a 0.5 μM P450, 3 mM substrate, 10 mM NADPH, 50 mM KPi (pH 8.0), room temperature, 

anaerobic conditions.  
b Total turnover numbers (mol sultam mol-1 P450).  
c Mmol sultam (4b) / mmol total products (4b + 4c). 
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Table S2. Noncompetitive intermolecular kinetic isotope effect experiments.a 

 

Variant 
4a to 4bb 4a-d6 to 4b-d5b 

KM (mM) kcat (×10-3 s-1) kcat/KM (M-1s-1) KM (mM) kcat (×10-3 s-1) kcat/KM (M-1s-1) 

FL#62 5.1±0.3 39±2 7.6±0.6 4.3±0.6 43±5 10±1.8 

FL#62 (H266F,T268V) 5.2±0.9 69±11 13±3 3.7±0.2 82±26 22±2 

FL#62 (H266F,T268V,P392G) 0.41±0.09 2.8±0.1 6.8±1.6 0.35±0.01 3.0±0.4 8.6±1.2 

XplA-RhF 0.72±0.03 45±11 62±15 0.60±0.08 44±2 73±10 

BezEc 2.7±0.03 32±0.7 12±1.4 6.8±0.2 138±39 20±5.7 
a Conditions: 5 μM P450, 0.5 mM to 10 mM substrate, 10 mM NADPH as reductant, 50 mM KPi buffer pH 8.0. Reactions were quenched at 10 min after 
addition of substrate. b KM and kcat values are estimated from Michaelis Menten equation; reported values are mean ± SD. c Using 10 mM Na2S2O4 as reductant, 
50 mM potassium phosphate buffer pH = 6.0. 
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Table S3. Sequence of the oligonucleotides in 5'-3' direction used for the preparation of engineered 

cytochrome P450 variants. 

Entry Primer Sequence (from 5’ to 3’) 
1 BamHI_2_fwd GGAAACAGGATCCATCGATGC 
2 SacI_2_rev AATATCGAGCTCGTAGTTTGTATGATC 
3 BM3RedRev_short CGGGCTCAGATCTGCTCATG 
4 FL#62_H266F_for CTTAATTGCGGGATTTGAAACAAC 
5 FL#62_H266F_rev GTTGTTTCAAATCCCGCAATTAAG 
6 FL#62_E267A_for GGGACACGCGACAACAAGTG 
7 FL#62_E267A_rev CACTTGTTGTCGCGTGTCCC 
8 FL#62_T268V_for CGGGACACGAAGTGACAAGTGG 
9 FL#62_T268V_rev CCACTTGTCACTTCGTGTCCCG 
10 FL#62_T438V_for GATATTAAAGAAACTTTAGTGTTAAAACCTGA

AG
11 FL#62_T438V_rev CTTCAGGTTTTAACACTAAAGTTTCTTTAATAT

C
12 FL#62_E267A-T268V_for GGGACACGCGGTGACAAGTG 
13 FL#62_E267A-T268V_rev CACTTGTCACCGCGTGTCCC 
14 FL#62-P392G-for GCGTTTAAAGGCTTTGGAAACG 
15 FL#62-P392G-rev CGTTTCCAAAGCCTTTAAACGC 
16 FL#62-F393P-for GTTTAAACCGCCGGGAAACG 
17 FL#62-F393P-rev CGTTTCCCGGCGGTTTAAAC 
18 FL#62-G394P-for CCGTTTCCGAACGGTCAGC 
19 FL#62-G394P-rev GCTGACCGTTCGGAAACGG 
20 FL#62-I401P-for GTGCGTGTCCGGGTCAGC 
21 FL#62-I401P-rev GCTGACCCGGACACGCAC 
22 FL#62-G402P-for CGTGTATCCCGCAGCAGTTC 
23 FL#62-G402P-rev GAACTGCTGCGGGATACACG 
24 XplA_fw CAGGTCATATGGGCTCGTCTCATCATCATCATC

ATC
25 XplA_rv GGAACCTCGAGTTAGGACAGGACAATCGGCAG

TTTA
26 XplA_M322A_fw GTTATGGAAGCAATGTTTGAAGCTATGCTGGC

GCAAAGCGCGGAAC
27 XplA_M322A_rv GCTTCAAACATTGCTTCCATAAC 
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28 XplA_Q325A_fw ATGGAAGCAATGTTTGAAGCTATGCTGATGGC
GAGCGCGGAACCGG

29 XplA_Q325A_rv ATAGCTTCAAACATTGCTTCCAT 
30 XplA_V391A_fw GCGATTGCCACGATCCTGGTGTTTTATGCAGCG

GGCCACATGGCTA
31 XplA_V391A_rv AACACCAGGATCGTGGCAATCGC 
32 XplA_M394A_fw ACGATCCTGGTGTTTTATGCAGTTGGCCACGCG

GCTATTGGTTACC
33 XplA_M394A_rv ACTGCATAAAACACCAGGATCGT 
34 XplA_Q438A_fw ATCAATGAAATGGTTCGTATGGACCCGCCGGCGCT

GTCGTTTCTGC
35 XplA_Q438A_rv TCCATACGAACCATTTCATTGAT 
36 XplA_C503S_fw AATCTGTCTTTTGGTCTGGGTCCGCACAGCAGCGCC

GGTCAGATTA
37 XplA_C503S_rv GGACCCAGACCAAAAGACAGATT 
38 bezE_fw ACACATCATATGGGCGATAGCACCAGCGC 
39 bezE_rv ACACATCTCGAGATTCCAGGTAACCGGCAGAT

GAACC
40 bezE_T256V_fw GTTTGGTGGCTATGAAGTGACCGTTGCG 
41 bezE_T256V_rv CGCAACGGTCACTTCATAGCCACCAAAC 
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Scheme S1. Synthesis of the deuterated probe molecules 2,4,6-tris(ethyl-1,1-d2)benzenesulfonyl 

azide 4a-d6 and 2,4,6-tris(ethyl-1-d)benzenesulfonyl azide 4a-d3. 
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