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Enhancing the Efficiency and Regioselectivity of P450
Oxidation Catalysts by Unnatural Amino Acid Mutagenesis

Joshua N. Kolev, Jacqueline M. Zaengle, Rajesh Ravikumar, and Rudi Fasan*™

The development of effective strategies for modulating the re-
activity and selectivity of cytochrome P450 enzymes represents
a key step toward expediting the use of these biocatalysts for
synthetic applications. We have investigated the potential of
unnatural amino acid mutagenesis to aid efforts in this direc-
tion. Four unnatural amino acids with diverse aromatic side
chains were incorporated at 11 active-site positions of a sub-
strate-promiscuous CYP102A1 variant. The resulting “uP450s”
were then tested for their catalytic activity and regioselectivity
in the oxidation of two representative substrates: a small-mole-
cule drug and a natural product. Large shifts in regioselectivity
resulted from these single mutations, and in particular, for
para-acetyl-Phe substitutions at positions close to the heme
cofactor. Screening this mini library of uP450s enabled us to

Introduction

The selective oxidation of aliphatic C—H bonds has enormous
potential to facilitate the construction and manipulation of
organic molecules.™ This transformation is notoriously chal-
lenged by the inherent strength of these chemical bonds, their
widespread occurrence in organic molecules, and the higher
reactivity of the oxidized products compared to the starting
material. Cytochromes P450 (P450s) are a large class of heme-
dependent monooxygenases that are capable of hydroxylating
inactivated aromatic and aliphatic C—H bonds by using molec-
ular oxygen under very mild conditions.”” As such, P450s have
attracted significant interest as catalytic platforms for media-
ting the oxidation of organic molecules.”’ Efforts in this area
are in large part inspired by the ability of natural P450s to oxi-
dize C—H bonds with exquisite chemo-, regio-, and stereocon-
trol as part, for example, of the biosynthesis of complex natu-
ral products.””! Achieving the same level of selectivity and cata-
lytic efficiency with non-native substrates has, however, re-
mained a fundamental challenge.”’ A common strategy for af-
fecting these properties in P450 monooxygenases is amino
acid mutagenesis, by targeting the entire monooxygenase
domain,®* or by focusing on the active site,®*™7 or both 24
For example, in combination with fingerprint-based methods
for predicting P450 function, active-site mutagenesis has been
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identify P450 catalysts for the selective hydroxylation of four
aliphatic positions in the target substrates, including a C(sp®)—
H site not oxidized by the parent enzyme. Furthermore, we
discovered a general activity-enhancing effect of active-site
substitutions involving the unnatural amino acid para-amino-
Phe, which resulted in P450 catalysts capable of supporting
the highest total turnover number reported to date on a com-
plex molecule (34650). The functional changes induced by the
unnatural amino acids could not be reproduced by any of the
20 natural amino acids. This study thus demonstrates that un-
natural amino acid mutagenesis constitutes a promising new
strategy for improving the catalytic activity and regioselectivity
of P450 oxidation catalysts.

successfully used by our group to develop highly regio- and
stereoselective P450 catalysts for the late-stage oxyfunctionali-
zation of complex natural products.®™” Although large “leaps”
in P450 function have typically required the combination of
multiple “natural” amino acid substitutions,®™”® we reasoned
that complementary opportunities could be provided by ex-
ploring the sequence space in an orthogonal direction, that is,
by expanding the number and types of amino acid residues
introduced at a given position within the P450 fold.

Recent methodologies for the ribosomal incorporation of
unnatural amino acids have provided a powerful and conven-
ient tool for introducing a variety of non-proteinogenic func-
tionalities into recombinant proteins.” Over the past few
years, unnatural amino acids (UAAs) have been introduced into
enzymes for the purpose of studying their function® or con-
trolling their activation in a time-resolved manner."” Similarly,
unnatural amino acids have been used to probe the conforma-
tional properties or catalytic mechanism of P450s. For example,
3C-labeled p-methoxyphenylalanine has been introduced in
CYP119 to monitor the conformational changes occurring
upon substrate binding."? Other groups have replaced the
heme-ligating cysteine® and other conserved residues™ in
P450cam so that the role of these amino acid residues on the
catalytic function of the monooxygenase can be examined. In
contrast, studies on modulating the catalytic properties of en-
zymes by unnatural amino acid mutagenesis are scarce,"” and,
for P450 enzymes, limited to global-substitution approaches."®

The potential of unnatural amino acid mutagenesis for mod-
ulating and (ideally) improving the catalytic and selectivity
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properties of P450-based oxidation catalysts has thus
remained largely unexplored. Here, we report the
successful incorporation of four aromatic UAAs at
multiple positions within the active site of a catalyti-
cally self-sufficient bacterial P450 (CYP102A1). The rel-
ative benefits conferred by this approach with re-
spect to conventional mutagenesis were investigated
by using two representative target substrates. Our
studies demonstrate the distinctive ability of certain
unnatural amino acids to alter P450 reactivity in
a way that none of the natural amino acids does,
thereby enabling the rapid development of P450 cat-
alysts with greatly improved site selectivity and cata-
lytic efficiency.

Results and Discussion
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Figure 1. A) View of the active site of CYP102A1 variant 139-3 (PDB ID: 3CBD). The heme

group and amino acid residues targeted for mutagenesis are displayed as stick models.

Incorporation of unnatural amino acids into a
CYP102A1 variant

B) Chemical structures of the unnatural amino acids investigated in this study (pAmF:
para-amino-phenylalanine; pAcF: para-acetyl-phenylalanine; NapA: 3-(2-naphthyl)ala-

nine; OBnY: O-benzyl-tyrosine).

The long-chain fatty acid monooxygenase CYP102A1

(P450gy3) from Bacillus megaterium"” was chosen as

a model system for this study. CYP102A1 has provid-

ed an attractive scaffold for the development of P450-based
oxidation catalysts,”'® especially in view of its high activity
(compared to other natural P450s) and its catalytic self-suffi-
ciency as given by its single-component organization (i.e.,
heme-containing monooxygenase domain is genetically fused
to a diflavin reductase’™). In particular, an engineered variant
of CYP102A1, called 139-3,°7 was chosen as the parent
enzyme for the incorporation of the target unnatural amino
acids. Variant 139-3 contains two mutations within the active
site (Val78Ala, Ala184Val) that expand the volume of the heme
pocket by about 30 A3® As a result of these mutations and
nine additional ones across the heme domain (see the Sup-
porting Information), this P450 exhibits high oxidation activity
across a broad range of substrates, which include linear al-
kanes,® terpenes,’® and synthetic small molecules.®"

Based on the crystal structure of this variant® 11 active-site
positions were selected for substitution: Ala74, Leu75, Ala7s,
Phe81, Ala82, Phe87, Leu181, Val184, Leu188, Thr327, and
Ala328 (Figure 1A). The sites include residues that are located
near the heme prosthetic group (e.g., 87, 328) as well as more
remote positions (e.g., 184, 188). In addition, the parental resi-
dues contain different apolar side chains, ranging from aromat-
ic (Phe) to branched (Val, Leu) and unbranched aliphatic (Ala)
groups.

A wide range of unnatural amino acids have been incorpo-
rated into proteins by amber stop codon suppression and or-
thogonal aminoacyl-tRNA synthetase/tRNA pairs in Escherichia
coli® From these, four were chosen for this study, namely
para-amino-phenylalanine (pAmF),?” para-acetyl-phenylalanine
(pACF),?Y O-benzyl-tyrosine (OBnY),?? and 3-(2-naphthylala-
nine (NapA)®' (Figure 1B). These structures contain a diverse
set of aromatic side chains that differ both in overall size (e.g.,
pPAmMF and pAcF vs. OBnY and NapA) and in the nature and H-
bonding properties of the functional group on the aromatic
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ring (e.g., acetyl vs. amino group in pAcF and pAmF, respec-
tively).

To allow the site-selective incorporation of these UAAs into
139-3, each of the codons for the selected active-site positions
was replaced with an amber stop codon (TAG) in the gene en-
coding for the P450 enzyme. The corresponding enzyme var-
iants were then expressed in E. coli cells containing the appro-
priate, engineered Methanococcus jannaschii tyrosyl-tRNA syn-
thetase and cognate amber suppressor tRNAy, in the pres-
ence of the desired UAA. After expression, cells were lysed,
and the amount of each of the 44 UAA-containing P450 var-
iants (“uP450s”) was determined by CO binding assay. The spe-
cificity of incorporation for each of the aminoacyl-tRNA synthe-
tases (aaRSs) under the applied expression conditions was con-
firmed through control experiments in which no UAA was
added to the culture medium; these resulted in no detectable
amount of recombinant P450. The expression yields were then
compared to that of the parent enzyme (Figure 2).

As evidenced by these data, half of the desired uP450s (22/
44) could be expressed in good to very good yields, that is,
with 10 to 95% relative expression yield compared to the
parent enzyme (Figure 2). Additional 12 variants could be ob-
tained in lower but still appreciable amounts, that is, with
yields ranging from 2 to 15 mg protein per liter of culture.
Overall, these experiments demonstrated the feasibility of in-
corporating a diverse set of aromatic UAAs within the active
site of a P450.

Dependence of uP450 expression yield on mutagenesis site
and type of UAA

As the expression yield reflects the degree by which a mutation
is tolerated,? insights into the dependence of this parameter
on the position targeted for mutagenesis and the nature of
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Figure 2. Relative expression yield for the uP450 variants (normalized to that
of the parent enzyme, 139-3).

the UAA can be gained from the data in Figure 2. A prerequi-
site for these analyses, however, is that the expression level of
the uP450 is not significantly affected by the relative incorpo-
ration efficiency of the respective aaRS. Control experiments
with a reporter Yellow Fluorescent Protein showed that the
poor expression levels of the
pAmF-containing uP450s are
due to the low activity of the

PAMF-RS synthetase (Figure S1). P450
In contrast, the amount of YFP ¢ O~ NaADPH
produced with the other aaRSs 1 KPL.pH 8.0
was comparable, with the varia- (S)-ibuprofen ME

tion in YFP expression level

being considerably lower (SD < “

15 %, Figure S1) than the two- to 11\“\13

tenfold differences observed for __Paso o
the NapA-, OBnY-, and pAcF-con- ¢ K:’*E:;'O

taining uP450s. These results in-
dicated that the latter can be
used to assess the extent by
which these substitutions are
tolerated by the P450 scaffold.
Accordingly, comparison of
the average expression yields
across all the 11 active site positions indicated that substitu-
tions with OBnY are much better tolerated (45% av. rel. yield)
than those with NapA (11%) or pAcF (11%). This trend was
somewhat surprising considering the relatively large steric bulk
associated with the side chain of OBnY as compared to pAcF
and suggests that this feature does not critically affect the sta-
bility of the resulting uP450. All positions except Thr327 were
found to be able to accommodate the incorporation of two or
more UAAs. The intolerance of the 327 site to introduction of
any of the UAAs is likely due a general incompatibility of this
site to mutagenesis for structural reasons, as suggested by the
fact that only isosteric substitutions (i.e., Thr327Val) have been
reported at this site."® Interestingly, no correlation was found
between the nature of the parental residue and the relative
tolerance of the site to UAA mutagenesis. Indeed, the average

2
(+)-nootkatone
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relative expression yield (across all UAAs expect pAmF) for po-
sitions occupied by phenylalanine (18%) was lower than and
comparable to that for positions occupied by branched ali-
phatic residues (Val or Leu; 31%) and Ala (20%), respectively.
Importantly, these results demonstrated that the introduction
of aromatic residues of various size, as encompassed by the
set of UAAs investigated here, is not restricted to positions
occupied by aromatic residues (i.e., F87 and F81).

Oxidation of (S)-ibuprofen and (+)-nootkatone by the
parent P450

A small library of uP450s was thus made available to examine
the effect of UAA mutagenesis on the catalytic and selectivity
properties of the enzyme. Two model substrates were selected
for this purpose: (S)-ibuprofen methyl ester (1) and (4)-nootka-
tone (2, Scheme 1). These compounds have a large number of
different C—H bonds (primary, secondary, tertiary, aromatic) as
well as various functional groups (carbonyl, ester, olefinic
group), thus making them challenging targets for selective C—
H bond oxidation. In addition, they differ in size and in struc-
tural complexity, thus providing the opportunity to evaluate
the effect of UAA substitutions in a small-molecule drug (1)
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Scheme 1. Oxidation products obtained from the P450-catalyzed transformations of (S)-ibuprofen methyl ester
and (4)-nootkatone. The product distribution of the parent P450 (139-3) is indicated in brackets.

and a natural product (2). Interest in the late-stage functionali-
zation of (+)-nootkatone stems from the compound’s promis-
ing activity as an antiproliferative agent in addition to its com-
mercial value as a fragrance compound.”

Oxidation of 1 with the parent enzyme 139-3 occurs with
poor selectivity, producing a 62:38 mixture of the benzylic al-
cohol 3 and tertiary alcohol 4, respectively (Scheme 1). On the
other hand, 139-3-catalyzed transformation of 2 favors oxida-
tion of the C11=C12 double bond to form epoxide 5 (96 %) to-
gether with small amounts of the allylic alcohol 6 (4%). The
chosen substrates thus provided ideal test cases to evaluate
the potential of UAA mutagenesis in improving the enzyme
regioselectivity, in the case of 1, and steering such selectivity
towards less activated positions (i.e., aliphatic C—H bonds), in
the case of 2.
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Site selectivity of uP450s in the oxidation of the target
substrates

Accordingly, the uP450 variants were screened in vitro for ac-
tivity on these substrates by using P450 from cell lysate in the
presence of a NADPH cofactor-regeneration system consisting
of phosphite and a thermostable phosphite dehydrogenase.?®
Notably, nearly all the uP450 variants (41/44) were found to ex-
hibit measurable oxidation activity on both 1 and 2 (Table S2).
These include the variants whose concentration was below the
detection limit for the CO binding assay (e.g., pAmF variants
and Thr327UAA variants, Figure 2). Not surprisingly, the sub-
strate conversion ratio varied considerably as a result of the
different reactivity of the enzymes as well as their difference in
concentration in the lysate.

As shown by the data in Table S2, incorporation of the four
non-proteinogenic amino acids at the various active-site posi-
tions altered the product distribution for the oxidation of
1 and/or 2 to a greater or lesser degree. Interestingly, a new
oxidation product of 2 was also observed, which was deter-
mined to correspond to (9R)-hydroxynootkatone (7, Scheme 1).
Inspection of these results allowed for a first general evalua-
tion of the relative effect of each type of UAA on the enzyme
site-selectivity. Of the 88 possible uP450/substrate combina-
tions, 31% displayed at least a moderate change in regioselec-
tivity, with this effect being fairly evenly distributed across all
unnatural amino acids except pAmF (Figure 3). With the more
stringent threshold of >30% variation in site selectivity, this
number is reduced to 15 uP450s. Among these, the OBnY- and
pAcF-containing variants are more largely represented than
the NapA- and pAmF-containing uP450s (Figure 3); this indi-
cates that substitutions with the first two UAAs generally have
a larger effect on the enzyme site selectivity. Finally, analysis of
the variants with the largest variation in product distribution
(>50%) revealed that mutagenesis with pAcF has the largest
potential to cause dramatic changes in the regioselectivity of
oxidation.

The dependence of these changes on the substrate, the site
targeted for mutagenesis, and the nature of the parental resi-
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Figure 3. Distribution of uP450/substrate (1 or 2) combinations showing
more than 15, 30, or 50% change in site selectivity (vs. parent enzyme), sub-
divided according to the type of unnatural amino acid incorporated into the
P450.
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due was also examined. On average, a larger number of impor-
tant shifts in regioselectivity (>30% variation vs. parent
enzyme) were observed in the context of (S)-ibuprofen methyl
ester (1) than for (+)-nootkatone (2; 10 vs. 6, Table S2); this
might reflect the fact that altering the orientation of a flatter
substrate (1) within the enzyme active site is easier than for
a bulkier one (2).

Furthermore, the largest regioselectivity shifts were ob-
served for substitutions involving amino acid residues whose
B-carbon is within 12-13 A from the heme iron (i.e., positions
78, 82, 328, Figure 1A); this supports our previously advanced
hypothesis that first-sphere active-site residues are preferred
targets for modulating this property in P450s.°™ Finally, the
following order of dependence of the regioselectivity changes
on the nature of the parental residue emerged (Table S2): Ala
(largest changes) > Val/Leu > Phe (smallest changes). This trend
can be rationalized on the basis of the structural difference
between the side chain group of the UAA and that of the sub-
stituted amino acid in the parental sequence.

Other interesting observations could be made from compari-
son of variants incorporating different unnatural amino acids
at the same position of the active site (Table 1). For example,
substitution of position 78 and 82 (Figure 1) with any of the
four UAAs resulted in significantly different product profiles for
the oxidation of 2, whereas little or no change in regioselectivi-
ty was observed for these variants in the oxidation of 1 (en-
tries 2-9, Table 1). Conversely, introduction of either OBnY or
pACcF at position 181 was found to induce a large shift in the
regioselectivity of oxidation with 1, whereas both variants ex-
hibited a parent-like product profile in the presence of 2. Thus,
beyond the general trends discussed above, these results
illustrate the abilities of the UAAs considered here to induce
unique changes in regioselectivity, as dependent on the struc-
ture of substrate as well as the site targeted for mutagenesis.

Characterization of the most selective uP450 variants

The above experiments revealed that a number of uP450s
exhibit a significant improvement in regioselectivity over the
parent enzyme. Accordingly, the most selective variants,
namely Ala78pAcF, Ala82pAcF, and Ala328NapA, were isolated
and further characterized in purified form (Table 2).

As shown in Scheme 1, the parent enzyme is unselective in
the oxidation of 1, producing a 62:38 mixture of the C1’ and
C2' hydroxylation products. From the small library of uP450s,
two variants that exhibit much higher regioselectivity toward
each of these aliphatic sites could be isolated. In particular, var-
iant Ala78pAcF was found to hydroxylate the C1" benzylic posi-
tion with 889% regioselectivity, whereas variant Ala328NapA
produces the hydroxylated product 4 with 95 % regioselectivity
(Table 2). Similarly, two variants could be identified that exhibit
a large shift in selectivity toward C—H hydroxylation over epox-
idation in the presence of 2. Variant Ala82pAcF shows much
higher regioselectivity for hydroxylation of the C13 position
than 139-3, forming 6 with 62% selectivity (4% for the parent
enzyme). On the other hand, variant Ala78pAcF catalyzes the
formation of 7, which is not produced by the parent enzyme,
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. - . . - ciency for these variants showed
Table 1. Effect of UAA substitutions on the regioselectivity of oxidation of (S)-ibuprofen methyl ester (1) and 4
(4)-nootkatone (2). that, in most cases, the decrease
in TTN corresponds to a reduc-
Product [%] tion in coupling efficiency, which
Position UAA 3% 4 51 6" 7% : .

could lead to a faster inactiva-
1 parent P450 62 38 96 4 0 [ tion of the enzyme during catal-
) pAmF 68 3 0 9 0 ysis. For the. AIa328N§pA and
3 pAcF 87 13 32 0 68 Ala82pAcF variants, the improve-
4 78 NapA 79 21 79 6 15 ment in regioselectivity in the
5 OBnY 65 35 64 0 36 | transformation of 1 and 2, re-
6 pAmF 7 27 79 n 0 spectively, is also associated with
7 pAcF 72 58 38 62 0 a decrease in the oxidation rate
8 82 NapA 78 22 51 41 8 (Table 2). Interestingly, the data
9 OBnY 67 33 57 22 21 corresponding to these uP450s
Iso indi hat the eff n

10 pAmF 60 0 9% 4 0 also indicate t a.t the e'ect o
n pACF 30 70 79 4 17 | TTIN and catalytic rate is more
12 181 NapA 53 47 81 4 15 prominent with the substrate
13 OBnY 15 85 93 7 0 [ oxidized with higher selectivity,
[a] From (S)-ibuprofen methyl ester (1). [b] From (+)-nootkatone (2). thus indicating a general trade-

with high regioselectivity (73%) and absolute stereoselectivity
(no formation of the corresponding epimer (95)-hydroxynoot-
katone). Consistent with the general trend emerging from our
previous analysis (Figure 3), three out of the four most selec-
tive transformations are mediated by pAcF-containing uP450s.
These results thus confirm that this UAA had the highest po-
tential among those tested to affect the site selectivity in a
P450.

139-3 catalyzes the oxidation of the target substrates with
good efficiency, supporting nearly 8000 total turnovers (TTN)
with 1 and about 7000 TTN with 2 (Table 2) with initial product
formation rates of 420 and 175 min™", respectively. Comparison
of the TTN values and product formation rates for the uP450
variants show that both of these properties are affected by the
UAA substitutions (Table 2). In each case (i.e., for Ala78pAcF,
Ala82pAcF and Ala328NapA), the improvement in regioselec-
tivity in the presence of 1 and/or 2 is accompanied by a three-
to tenfold reduction in TTN. Measurement of the coupling effi-

off between these properties as
we observed with P450 catalysts
evolved by conventional mutagenesis.“™”

These trends notwithstanding, the catalytic efficiency of
these selective P450 variants remains elevated (i.e., 700-2500
total turnovers) and thus well suited for synthetic applications,
as established by the successful isolation of 6 and 7 from
large-scale reactions (40 mg (+)-nootkatone) with Ala82pAcF
(0.13 mol %) and Ala78pAcF (0.05 mol %), respectively (see the
Experimental Section). Most importantly, these results showed
that by screening a minimal library of UAA-containing P450s
(44), selective catalysts could be rapidly obtained for oxyfunc-
tionalization at a total of four aliphatic C—H sites in a small-
molecule drug and a natural product, including one position
not accessible to the parent enzyme.

Activity-enhancing effect of pAmF mutations

During the initial screening of the uP450 variants from cell
lysate, we noticed that the substrate conversion yields ob-

Table 2. Catalytic properties of selected P450 variants in the oxidation of (S)-ibuprofen methyl ester (1) and (+)-nootkatone (2).
(S)-Ibuprofen methyl ester (1) (4)-Nootkatone (2)

Variant 3 4 TIN® Relative Initial  Coupling 5 6 7 TIN® Relative Initial  Coupling

activity  rates®  efficiency? activity  rates®  efficiency'
parent P450 62% 38% 7950+ 860 1.0 420 48% 96 % 4% 0% 6980+130 1.0 175 1%
Ala78pAcF 88% 12% 2400+250 0.3 405 31% 27 % 0% 73% 1760470 0.3 170 13%
Ala82pAcF 75% 25% 1100+ 130 0.1 89 6% 38% 62% 0% 720+70 0.1 36 8%
Ala328NapA 5% 95% 675+10 0.1 12 4% 75% 25% 0% 2460+70 04 38 6%
Leu75pAmF 14% 86% 11120+270 1.4 200 25% 93% 7% 0% 3465041620 5.0 685 43%
Phe81pAmF 34% 66% 123104+620 1.5 550 41% 93% 7% 0% 161204400 23 455 24%
Leu188pAmF  65% 35% 21320+£1250 27 1220 68 % 97 % 3% 0% 1547041040 2.2 515 27 %
Leu75Tyr 53% 47% 13304+180 0.2 450 22% 90% 10% 0% 116404290 1.7 1650 84 %
Phe81Tyr 24% 76% 1620480 0.2 380 24% 93% 7% 0% 9460+ 380 1.4 740 40%
Leu188Tyr 60% 40% 3220+£220 0.4 1260 26% 96 % 4% 0% 104104260 1.5 715 1%
[a] Reaction conditions: 0.002-0.01 mol% P450, 1 mm substrate, cofactor regeneration system (2 um PTDH, 100 um NADP*, 50 mm sodium phosphite) in
phosphate buffer (50 mm, pH 8.0), 16 h. [b] Expressed as moles of product formed per mole of P450 per minute. SD < 15%. [c] Ratio between rates of prod-
uct formation and NADPH consumption in the presence of the substrate.
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tained with the pAmF-containing P450s were comparable to
those observed in the presence of other uP450s. As the pAmF-
containing variants are expressed at much lower levels
(Figure 2), these results implied that these enzymes are capa-
ble of supporting higher substrate turnover numbers. To inves-
tigate this aspect, the most promising variants (Leu75pAmF,
Phe81pAmF, and Leu188pAmF) were expressed and further
characterized in purified form. They were indeed found to cat-
alyze the oxidation of 1 and 2 with much higher efficiency not
only than the previously characterized uP450s but also than
the parent enzyme, supporting two to five times higher TTN
than the latter (Table 2). A general increase in the product for-
mation rate, ranging from two- to fourfold, was also observed.
Notably, the total turnover numbers measured for Leu75pAmF
with 2 (34650) corresponds to the highest TTN value reported
for an engineered P450 on a complex molecule.”’ Moreover,
the catalytic rate for Leu188pAmF on 1 (1220 min™") ap-
proaches that exhibited by wild-type CYP102A1 on fatty acid
substrates (e.g., 1680 min~' with laurate®”), which themselves
remain among the highest ones among known natural P450s.

The unanticipated beneficial effect of pAmF substitutions on
the catalytic efficiency of the monooxygenase called for further
investigations to examine the basis of this phenomenon. Anal-
ysis of the product distribution for the pAmF-containing var-
iants with both 1 and 2 showed no significant changes from
that of the parent enzyme in nearly all cases (5/6, Table 2),
thus suggesting that these activity enhancements are not
linked to a change in the binding mode of the substrate upon
oxidation. Furthermore, inspection of the enzyme crystal struc-
ture revealed that, unlike the regioselectivity-altering muta-
tions, these activity-enhancing substitutions are not restricted
to residues located close to the heme cofactor. Indeed, these
sites included Leu188, whose B-carbon lies rather far (~20 A)
from the heme iron center (Figure 1).

Given the H-bonding capabilities of the aromatic amino
group in pAmF and the presence of various H-bond donor/
acceptor groups in both 1 and 2, we wondered whether the
improved catalytic efficiency of the pAmF-containing variants
could stem from an increase in enzyme affinity for the sub-
strate. To investigate this aspect, heme spin-shift experiments
were carried out. Whereas 1 failed to induce a detectable
spectral shift of the Soret band in the presence of both 139-3
and the pAmF variants, a significant shift of the heme spin
state (from 20 to 60%) could be observed upon addition of 2
to these P450s (Figure 4). Calculation of the equilibrium disso-
ciation constants indicated that the affinities of the pAmF var-
iants for 2 are relatively high, with the corresponding K values
ranging from 16 to 32 um (Figure 4). However, these values
were found to be comparable to that of the parent enzyme
(Ko =14 um); this suggests that the pAmF substitutions do not
significantly improve the binding affinity for this substrate.
Moreover, these experiments show no apparent correlation be-
tween the extent of 2-induced heme spin shift and the differ-
ence in catalytic performance for these P450s (Figure 4).

In contrast, measurement of the coupling efficiency revealed
a good correlation between this parameter and improved cata-
lytic properties of these variants across both substrates
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Figure 4. Heme spin-shift experiments with the pAmF-substituted P450s:
A) parent P450, B) Leu75pAmF, C) Phe81pAmF, and D) Leu188pAmF. Left:
Electronic absorption spectrum before (@) and after (¥) addition of
(4)-nootkatone at saturating concentration (0.5 mm). Right: Representative
plots of the enzyme heme spin shift at varying (+)-nootkatone concentra-
tion. The equilibrium dissociation constants (Kp) as calculated by fitting the
experimental data (e) to a non-cooperative 1:1 binding model equation
(—), are indicated.

(Table 2). With 2, both the product formation rate and TTN
values were found to increase almost linearly with the increase
in coupling efficiency (Table 2). Although a less direct correla-
tion is seen with 1, also in this case the fastest and most effi-
cient variant, Leu188pAmF, is characterized by the highest cou-
pling efficiency (Table 2).

Tyrosine versus pAmF substitutions

Among the natural amino acids, tyrosine is most closely relat-
ed to pAmF from a structural standpoint; this raised the ques-
tion of whether the beneficial effects obtained with this non-
proteinogenic amino acid could be reproduced by tyrosine.
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The 139-3-based single mutants Leu75Tyr, Phe81Tyr, and
Leu188Tyr were prepared and characterized (Table 2). Interest-
ingly, similarly to the pAmF variants, tyrosine substitution at
each of these sites was found to induce a significant increase
in catalytic rate with both 1 (two- to threefold) and 2 (four- to
ninefold) relative to the parent P450. These variants also
showed, for the most part, parent-like regioselectivity with
both 1 and 2 as well as parent-like binding affinity for 2 (K=
14-48 um, Figure S2), as observed for the pAmF-incorporating
counterparts. In spite of these similar features, the pAmF var-
iants remained significantly superior oxidation catalysts (in
terms of total turnover numbers) to their Tyr-substituted coun-
terparts. This general trend is apparent with 2, for example,
with Leu75pAmF supporting nearly threefold higher total turn-
overs than Leu75Tyr (34650 vs. 11640 TTN), but it is particular-
ly striking in the case of 1 (Table 2). With 1, the turnover num-
bers supported by the pAmF variants are up to seven times
higher than those obtained with the corresponding Tyr-con-
taining P450s.

Altogether, the above studies showed the distinct advantage
of pAmF substitutions in enhancing the catalytic efficiency of
P450s. This beneficial effect apparently stems from their ability
to promote a more efficient oxidation of the substrate by the
enzyme, as suggested by the correlation between TTN and
coupling efficiency discussed earlier. This phenomenon has
been linked to a more favorable enzyme-substrate interac-
tion.®?® However, our binding studies (i.e., K, values, heme
spin shift assays) with both the pAmF variants and their Tyr-
substituted counterparts do not support this scenario. As an
alternative hypothesis, the pAmF substitutions could suppress
unproductive, ROS-producing pathways during the P450 cata-
lytic cycle, slowing inactivation of the enzyme and thus higher
total turnover numbers. How this effect is exerted by pAmF
substitutions at multiple sites within the enzyme active site
(i.e., 75, 81, 188) and across structurally different substrates re-
mains unclear.

Comparison with natural amino acid mutagenesis

Based on the data accumulated at this point, it became appar-
ent that pAcF and pAmF have a distinctive ability to induce
dramatic changes in the regioselectivity and catalytic efficiency,
respectively, of a P450 enzyme. To examine whether these ef-
fects could have been achieved with any of the natural amino
acids, two of the targeted active-site positions, Ala75 and
Leu78, were subjected to site-saturation mutagenesis. Position
78 was chosen because its substitution with pAcF causes one
of the largest regioselectivity shifts observed in this study (0—
73% for the C9 position in 2), leading to a variant capable of
hydroxylating a C—H bond not accessible to the parent
enzyme with high regio- and stereoselectivity. Position 75 was
chosen as its substitution with pAmF results in the most effi-
cient P450 catalyst identified here (>34600 TTN with 2). In
addition, Leu75pAmF also exhibits greatly improved regiose-
lectivity toward hydroxylation of C2" in 1 compared to 139-3
(38—86%, Table 2).
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Accordingly, two site-saturation libraries (75NNK and 78NNK)
were constructed by mutating positions 75 and 78 in 139-3
using the degenerate codon NNK (any base in first and second
position; G or T in third position). The functional members
from each library (threefold oversampling) were then identified
by high-throughput fingerprinting,”” followed by analysis of
their oxidation activity on 1 and 2 through in vitro reactions.
Analysis of the reactions with 2 showed that all the variants
from these libraries exhibit parent-like regioselectivity. In addi-
tion, the most active variant within this pool of engineered
P450s was estimated to support at most a twofold higher TTN
than the parent enzyme. Thus, none of the 75 or 78 site-satu-
ration variants could reproduce the catalytic or site-selectivity
features of Leu75pAmF or Leu78pAcF, respectively. Similarly,
none of the P450 variants from the 75NNK library could repro-
duce the large regioselectivity shift displayed by Leu75pAmF
with 1. Indeed, the highest C2" selectivity observed among
these variants was 71% (vs. 86% for Leu75pAmF), with the
minor product (29%) being 3. Altogether, these experiments
along with the studies on the Tyr mutants, showed that none
of the amino acid mutations accessible through conventional
mutagenesis could reproduce the largest functional changes
imparted by the pAcF and pAmF substitutions.

Conclusions

We have investigated the site-selective incorporation of various
unnatural amino acids into a cytochrome P450 monooxygenas-
es and the effect of these modifications on its selectivity and
reactivity properties. Our results show that different aromatic
unnatural amino acids, including two comprising large (naph-
thyl) and extended (benzyloxybenzene) side chains, can be
accommodated at many positions (10/11) within the active site
of the enzyme. Importantly, by screening this small library of
singly substituted uP450s, selective P450 catalysts for the hy-
droxylation of four aliphatic C—H sites in a drug molecule and
a natural product could be rapidly identified. A particularly in-
teresting trend emerging from these studies is the inherent
potential of pAcF substitutions, in particular at the level of
“first-sphere” active-site positions, to alter the site selectivity of
a P450 monooxygenase. Another relevant finding is the gener-
al activity-enhancing effect of active-site substitutions with
pAmF, which resulted in P450 catalysts capable of supporting
among the highest numbers of total turnovers reported for an
engineered P450. These findings are expected to have implica-
tions in the design and development of improved P450-based
oxidation catalysts. They also lay the ground for future studies
aimed, for example, at elucidating the mechanism underlying
the activity-enhancing effects of pAmF substitutions and fur-
ther examining the generality of these effects (e.g., in other
P450 systems). It will be also interesting to determine whether
the effects of pAmF and pAcF substitution can be combined.
Importantly, our studies showed that the functional changes
induced by these non-proteinogenic amino acids could not be
recapitulated by any of the natural amino acids. As such, this
work demonstrates that unnatural mutagenesis constitutes
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a promising strategy for modulating and enhancing the selec-
tivity and catalytic efficiency of P450-based oxidation catalysts.

Experimental Section

Reagents and analytical methods: Chemical reagents and sol-
vents were purchased from Sigma-Aldrich, AlfaAesar, Chem-Impex,
and Fluka. Silica gel chromatography purifications were carried out
by using AMD silica gel 60 230-400 mesh. 1D and 2D NMR experi-
ments were carried out on a Avance 500 MHz spectrometer
(Bruker). Data for 'H and C NMR spectra are reported (0 ppm)
against tetramethylsilane. Mass spectra were collected by direct
infusion on a LTQ Velos ESl/ion-trap mass spectrometer (Thermo
Scientific). Gas chromatography analyses were carried out on a
Shimadzu GC2010 equipped with a FID detector and a Restek RTX-
5 column (15 mx0.25 mmx0.25 pm film). Separation methods: (S)-
ibuprofen methyl ester (1): 260°C inlet, 260°C detector, 120°C
oven, 17°Cmin~" ramp to 150°C, 10°Cmin~' ramp to 240°C, and
240°C for 1 min; (+)-Nootkatone (2): 260°C inlet, 260 °C detector,
120°C oven, 12°Cmin™" ramp to 220°C, 220°C for 1 min,
20°Cmin~" ramp to 250°C, and 250°C for 1 min.

Synthesis of (S)-ibuprofen methyl ester (1): (S)-lbuprofen
(341 mg, 1.65 mmol) and sulfuric acid (100 pL) in methanol (20 mL)
were heated under refluxed for 16 h. Saturated sodium bicarbon-
ate (10 mL) was added, then the methanol was removed by evapo-
ration under reduced pressure. The solution was extracted with
CH,Cl, (3x5 mL). The organic layers were dried over sodium sulfate
and evaporated to give a colorless oil, which was purified by flash
chromatography (hexanes/ethyl acetate 8:1) to yield 1 (245 mg,
67%). "H NMR (500 MHz, CDCl;): 6=0.90 (d, J=6.7 Hz, 6H), 1.49 (d,
J=7.2Hz, 3H), 1.85 (sept, /=69 Hz, 1H), 2.45 (d, J=6.9 Hz, 2H),
366 (s, 1H), 3.70 (q, J/=7.2Hz, 1H), 7.09 (d, J=7.7Hz, 2H),
7.20 ppm (d, J=8.1 Hz, 2H); *C NMR (125 MHz, CDCl,): 6 =18.65,
2242, 30.18, 45.04, 51.98, 127.13, 129.356, 137.75, 140.56,
175.23 ppm; MS (ESI) calcd for CyH,,0, IM+HI" m/z: 221.15;
found: 221.20.

Synthesis of the unnatural amino acids: pAcF was synthesized
from acetophenone as described by Satyanarayana et al.*” OBnY
was prepared from L-tyrosine according to the procedures report-
ed by Stokes et al.”? NMR and MS data for these compounds were
consistent with those reported. pAmF and NapA were purchased
from AlphaAesar and Sigma-Aldrich, respectively.

Cloning and plasmid construction: A pCWori-based vector encod-
ing for the CYP102A1 variant 139-3"% was kindly provided by the
group of Frances Arnold (Caltech). Compared to wild-type
CYP102A1, 139-3 contains the following mutations: V78A, H138Y,
T1751, V178l, A184V, H236Q, E252G, R255S, A290V, A295T, and
L353V. Vectors encoding for the amber stop codon-containing
P450 variants were prepared by using pCWori_139-3 as a template,
primers BamHI_2_fwd (5-GGAAA CAGGA TCCAT CGATG C-3') and
Sacl_2_rev (5-AATAT CGAGC TCGTA GTTTG TATGA TC-3) as mega-
primers, and the oligonucleotides given in Table ST as mutageniz-
ing primers. The target gene products (1.5 kb) were prepared by
PCR overlap extension mutagenesis, digested with BamHI and Sacl
restriction enzymes, and ligated to BamHI/Sacl doubly digested
pCWori vector. The plasmid pEVOL_pAcF encoding for the engi-
neered M. jannaschii tRNA¢,, and aaRS for amber codon suppres-
sion with pAcF was kindly provided by the group of PeterG.
Schultz (The Scripps Research Institute). Plasmids for the expres-
sion of pAmMF-RS,?” NapA-RS,”® and OBnY-RS (=Bpa-RS(V164A)1?)
were prepared by introducing the following mutations into both
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copies of the aaRS gene in the pEVOL_pAcF vector: pAmF-RS:
Y32T, E107T, D158P, 1159L, L162A; NapA-RS: Y32L, D158P, 1159A,
L162Q, A167V; OBnY-RS: Y32G, E107P, D158T, 1159S, V164A. The
plasmid vector for the expression of Yellow Fluorescent Protein
containing an amber stop codon after the initial Met residue was
prepared by PCR amplification of the YPF gene from pEYFP-N1 (BD
Biosciences) by using primers YFP(stop)_for (5'-GGTTC CATAT
GGGTT AGGTG AGCAA GGGCG AGGAG C-3) and YFP_(Xhol)_rev
(5'-CGTTG CTCGA GCTTG TACAG CTCGT CCATG CC-3'). The PCR
product (0.7 kb) was then cloned into pET22b(+4) (Novagen) by
using Ndel and Xhol to give pET22_YFP(stop) plasmid. The identity
of the cloned constructs was confirmed by DNA sequencing.

Protein expression and purification: The UAA-containing P450s
were expressed in E. coli DH5a cells cotransformed with the
pCWori-based vector encoding for the P450 and the appropriate
pEVOL vector encoding for the orthogonal tRNA../aaRS pair.
Overnight cultures in lysogeny broth (LB) containing ampicillin
(100 mgL™") and chloramphenicol (26 mgL™") were used to inocu-
late M9 medium containing ampicillin (50 mgL™") and chloramphe-
nicol (26 mgL™") supplemented with the appropriate UAA (2 mm).
At ODg,,= 0.6, protein expression was induced with 0.05% arabi-
nose, isopropyl-p-p-thiogalactopyranoside (IPTG; 0.5 mm), and §-
aminolevulinic acid (0.3 mwm), followed by incubation for 24 h at
27 °C. For the initial screening of the uP450s, the proteins were ex-
pressed in 15 mL cultures, followed by lysis (0.8 mgmL™' lysozyme,
4UmL™" deoxyribonucleasel, 10 mm MgCl,, 50 mm phosphate
buffer, pH 8.0) and clarification of the cell lysate by centrifugation
(3500g, 20 min, 4°C). For the characterization studies, selected
uP450s were expressed from 0.5L cultures and purified by ion-
exchange chromatography, as described.”” P450 concentration
was determined from CO binding difference spectra (&450-500=
91000 M ~'cm™"). Phosphite dehydrogenase (PTDH) was expressed
and purified as described previously.””!

YFP screen: E. coli BL21(DE3) cells were cotransformed with the
pET22_YFP(stop) plasmid and the pEVOL plasmid encoding for the
appropriate aminoacyl-tRNA synthetase, and then grown in LB
containing ampicillin (50 mgL™") and chloramphenicol (26 mgL™)
at 37°C overnight. The overnight cultures were used to inoculate
96-deep well plates containing M9 medium. At an ODg, of 0.6, cell
cultures were induced by adding arabinose (0.06% m/v), IPTG
(0.2 mm), and the appropriate unnatural amino acid (1 mm for
L isomer). After overnight growth at 27 °C, the cell cultures were di-
luted (1:1) with phosphate buffer (50 mm, 150 mm NaCl, pH 7.5),
and the fluorescence intensity (1,=514 nm; A.,,=527 nm) was de-
termined by using a Tecan Infinite 1000 plate reader. Cell cultures
containing no unnatural amino acid were included as controls.
Each sample was measured in quadruplicate.

Synthesis of 13-hydroxynootkatone (6): Purified P450 variant
Ala82pAcF (1.25 um; 0.13 mol %) was dissolved in phosphate buffer
(183 mL, 50 mm, pH 8.0) in the presence of (+)-nootkatone (40 mg,
1.0 mm), PTDH (2 um), NADP* (150 pum), and sodium phosphite
(50 mm). The reaction mixture was stirred for 12 h at room temper-
ature. The crude product was extracted with CH,Cl, (3x30 mL).
The collected organic layers were dried with sodium sulfate, con-
centrated under vacuum, and purified by flash chromatography
(0-50% ethylacetate in hexanes) to afford 6 (22 mg, 51%) and 5
(12 mg, 29%).

13-Hydroxynootkatone (6): '"H NMR (500 MHz, CDCl,): §=0.95 (d, J=
7.0Hz, 3H), 1.11 (s, TH), 1.15 (t, J=13.0 Hz, 1H), 1.37, (dqg, /=3.6,
13.4 Hz, 1H), 1.93-2.06 (m, 3H), 2.19-2.33 (m, 2H), 2.34-2.47 (m,
2H), 2.52 (ddt, J=1.9, 5.2, 14.7 Hz, 1H), 4.14 (s, 2H), 4.90 (s, TH),
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5.08 (s, 1H), 5.76 ppm (s, 1H); *C NMR (125 MHz, CDCl,): 6 =14.91,
16.81, 32.09, 33.08, 35.98, 39.43, 40.40, 42.04, 44.39, 65.23, 109.08,
124.77, 152.57, 170.27, 199.67 ppm; MS (ESI) calcd for C;sH,,0,: m/
z: 235.16 [M+H]™; found: 235.2.

Nootkatone-(11R),12-epoxide (5): "H NMR (500 MHz, CDCl,): 5 =0.98
(d, J=6.8 Hz, 3H), 1.07 (s, 3H), 1.22 (t, J=12.8 Hz, 1H), 1.24 (s, 3H),
1.55-1.67 (m, TH), 1.85-1.93 (m, 1H), 1.95-2.09 (m, 2H), 2.19-2.32
(m, 2H), 2.33-2.40 (m, 1H), 2.45 (dt, J/=4.9, 139 Hz, 1H), 2.59 (d,
J=49Hz, 1H), 2.65 (d, J=4.9 Hz, 1H), 5.76 ppm (s, TH); *C NMR
(125 MHz, CDCly): 6=14.93, 16.77, 17.77, 28.81, 32.46, 39.01, 39.63,
40.35, 40.54, 42.05, 53.67, 58.94, 124.90, 169.88, 199.51 ppm; MS
(ESI) caled for CisHp,0,: m/z: 235.16 [M+H]"; found: 235.5. The
stereochemistry of the C11 carbon atom was assigned based on
comparison of NMR data with the reported values for the 11R%!
and 1153 epimers.

Synthesis of (9R)-hydroxy-nootkatone (7): Purified P450 variant
Ala78pAcF (0.5 um, 0.05 mol%) was dissolved in phosphate buffer
(183 mL, 50 mm, pH 8.0) in the presence of (+)-nootkatone (40 mg,
1.0 mm), PTDH (2 um), NADP* (150 pum), and sodium phosphite
(50 mm). The reaction mixture was stirred for 12 h at room temper-
ature. The crude product was extracted with CH,Cl, (3x30 mL).
The collected organic layers were dried with sodium sulfate, con-
centrated under vacuum, and purified by flash chromatography
(0-50% ethylacetate in hexanes) to afford 7 (23 mg, 54%). 'H NMR
(500 MHz, CDCly): 6=0.95 (d, J=6.9Hz, 3H), 1.09 (t, J/=13.5 Hz,
1H), 1.31 (s, 3H), 1.53 (dg, /=26, 13.7 Hz, 1H), 1.76 (s, 3H), 1.93-
2.11 (m, 4H), 2.22-2.39 (m, 2H), 2.78 (tt, J=2.9, 12.6 Hz, 1H), 4.46
(t, J=2.8Hz, 1H), 476 (d, J=129Hz, 2H), 5.86 ppm (s, TH);
BCNMR (125 MHz, CDCly): 6=14.54, 18.12, 20.97, 34.00, 37.92,
38.81, 41.21, 42.34, 43.67, 73.36, 109.39, 127.20, 148.91, 168.30,
200.55 ppm; MS (ESl) calcd for C;sH,,0,: m/z: 235.16 [M+H]™;
found: 235.20. The stereochemistry of the C9 carbon was assigned
based on comparison of NMR data (*J;;,=2.80 Hz) with those of
analogous compounds (i.e., (9R)-hydroxy-11,12-didehydronootka-
tone;* 3J;,0=2.7, 3.0 Hz).

Total turnover numbers and regioselectivity of P450 variants:
Analytical-scale reactions (1 mL) were carried out by using P450
(0.02-1 pm), substrate (1 mm), PTDH (2 um), NADP* (100 pm), and
sodium phosphite (50 mm) in phosphate buffer (50 mm, pH 8.0).
The P450 variants described in Table 2 were characterized in puri-
fied form, whereas those described in Tables 1 and S1 were charac-
terized directly from cell lysates. After 12 h at room temperature,
the reaction mixtures were added with guaiacol (500 um) as inter-
nal standard, extracted with CH,Cl,, and analyzed by gas chroma-
tography. TTN values were calculated based on the total amount
of oxidation products as quantified from calibration curves. Mean
and standard deviation values reported for P450 variants in Table 2
were calculated from experiments performed at least in triplicate.

Measurement of catalytic rate, coupling efficiency, and substrate
binding affinity: Initial product formation rates were measured
from 1 mL scale reactions containing substrate (0.5 mm), purified
P450 (0.02-0.5 um), and NADPH (2 mm) in phosphate buffer
(50 mm, pH 8.0) at room temperature. After 30 s, the samples and
guaiacol (500 pm) were added, and the mixture was extracted with
CH,Cl,. Cofactor oxidation rate in the presence of substrate was
measured by monitoring NADPH depletion at 340 nm (&450-500=
6.22mm 'em™") by using purified P450 (0.02-0.5 um), substrate
(0.5 mm), and NADPH (200 um). Coupling efficiency was calculated
from the ratio between the initial product formation rate and the
initial NADPH oxidation rate. Reported mean and standard devia-
tion values were calculated from experiments performed at least in
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triplicate. Binding experiments were performed with purified P450
(3 um) in phosphate buffer (50 mm, pH 8.0) and various concentra-
tions (2-500 um) of the (+)-nootkatone.
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Table S1. Sequence of the oligonucleotides used for the preparation of the uP450 variants.

Primer Sequence
A74tag for GATAAAAACTTAAGTCAATAGCTTAAATTC
AT74tag rev GAATTTAAGCTATTGACTTAAGTTTTTATC

L75tag(78A) for

GATAAAAACTTAAGTCAAGCGTAGAAATTCG

L75tag(78A) rev

CGAATTTCTACGCTTGACTTAAGTTTTTATC

V78tag for GTCAAGCGCTTAAATTCTAGCGTGATTTT
V78tag rev AAAATCACGCTAGAATTTAAGCGCTTGAC
F81tag for CGTGATTAGGCAGGAGACGGG

F81tag rev CCCGTCTCCTGCCTAATCACG

A82tag for CGTGATTTTTAGGGAGACGGGTTA

A82tag rev TAACCCGTCTCCCTAAAAATCACG

F87tag fwd GACGGGTTATAGACAAGCTGGACG

F87tag rev CGTCCAGCTTGTCTATAACCCGTC

L181tag(184V) for

CGTGCATAGGATGAAGTAATGAACAAGC

L181tag(184V) rev

GCTTGTTCATTACTTCATCCTATGCACG

Al84tag for

GCACTGGATGAATAGATGAACAAG

Al84tag rev

CTTGTTCATCTATTCATCCAGTGC

L188tag for

GAACAAGTAGCAGCGAGCAAATCC

L188tag rev

GGATTTGCTCGCTGCTACTTGTTC

T327tag for

GGCCATAGGCTCCTGCGTTTTCC

T327tag rev

GGAAAACGCAGGAGCCTATGGCC

A328tag for

GGCCAACTTAGCCTGCGTTTTCC

A328tag rev

GGAAAACGCAGGCTAAGTTGGCC
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Table S2. Product distribution for the oxidation of (S)-ibuprofen ME (1) and (+)-nootkatone (2)
by the uP450 variants. Highlighted in green and blue are the P450 variants whose site-selectivity
differs more than 30% and more than 50%, respectively, from the parent enzyme (139-3 variant).

NA= not active.

(S)-ibuprofen (1) Nootkatone (2)
Position UAA 3 4 5 6 7
Parent P450 62% 38% 96% 4% 0

74 OBnY | 55% 45% 94% 6% 0%
75 OoBnY | 25% 75% 89% 11% 0%
78 OBnY | 65% 35% 64% 0% 36%
81 oBnY | 71% 29% 88% 6% 6%
82 OBnY | 67% 33% 57% 22% 21%
87 OBnY | 52% 48% 7% 5% 18%
181 OoBnY | 15% 85% 93% 7% 0%
184 OBnY | 49% 51% 91% 9% 0%
188 OBnY | 59% 41% 96% 4% 0%
327 OBnY | 58% 42% NA NA NA
328 OBnY | 22% 78% 92% 8% 0%
74 pAcF | 56% 44% 95% 5% 0%
75 pAcF | 22% 78% 95% 5% 0%
78 pAcF | 87% 13% 32% 0% 68%
81 pAcF | 55% 45% 97% 3% 0%
82 pAcF | 72% 28% 38% 62% 0%
87 pAcF | 53% 47% 95% 5% 0%
181 pAcF | 30% 70% 79% 4% 17%
184 pAcF | 31% 69% 94% 6% 0%
188 pAcF | 58% 42% 96% 4% 0%
327 pAcF | 63% 37% 95% 5% 0%
328 pAcF 0% 100% 88% 12% 0%
74 pAmF | 38% 62% 94% 6% 0%
75 pAMF | 18% 82% 94% 6% 0%
78 pAmMF | 68% 32% 91% 9% 0%
81 pAmMF | 39% 61% 92% 8% 0%
82 pAmMF | 73% 27% 79% 21% 0%
87 pAmF | 60% 40% 95% 5% 0%
181 pAmF | 60% 40% 96% 4% 0%
184 pAmF | 50% 50% 97% 3% 0%
188 pAmMF | 69% 31% 96% 4% 0%
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327 pAMF | 65% 35% 95% 5% 0%
328 pAmMF NA NA 93% 7% 0%
74 NapA | 64% 36% 95% 5% 0%
75 NapA | 47% 53% 94% 6% 0%
78 NapA | 79% 21% 79% 6% 15%
81 NapA | 57% 43% 86% 5% 9%
82 NapA | 78% 22% 51% 41% 8%
87 NapA NA NA 90% 10% 0%
181 NapA | 53% 47% 81% 4% 15%
184 NapA | 28% 72% 87% 8% 5%
188 NapA | 63% 37% 96% 4% 0%
327 NapA | 59% 41% 96% 4% 0%
328 NapA | 0% 100% 75% 25% 0%
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Figure S1. UAA incorporation efficiency of the aaRSs. Relative fluorescence intensity as
dependent upon the relative expression level of the YFP(amber stop) reporter protein in the

presence of the different aaRSs (and cognate unnatural amino acids) investigated in this study.
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Figure S2. Heme spin shift experiments with the tyrosine-substituted P450 variants. A)

Electronic absorption spectrum before (black line) and after (red line) addition of saturating

concentration (0.5 mM) of (+)-nootkatone (2). B) Plot of substrate-induced heme spin shift at

varying (+)-nootkatone (2) concentration. The experimental data (dots) are fitted to a non-

cooperative 1:1 binding model equation (solid line). The calculated equilibrium dissociation

constant (Kp) is indicated.
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