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High-throughput screening of cytochrome P450CAM libraries,

for their ability to oxidise indole to indigo and indirubin, has

resulted in the identification of variants with activity towards

the structurally unrelated substrate diphenylmethane.

Cytochrome P450 monooxygenases (P450s) are a diverse super-

family of enzymes present in plants, animals and microorganisms.

The function of these enzymes varies depending on the host

organisms. For example, in plants they are involved in both

primary and secondary metabolism. In mammals, P450s play a

central role in detoxification pathways. Bacterial P450s are

involved in the degradation of various natural substrates. The

most extensively studied P450 monooxygenase is cytochrome

P450CAM from Pseudomonas putida. This enzyme, which catalyses

the stereoselective hydroxylation of camphor to 5-exo-hydroxy

camphor,1 serves as a model system for studying the mechanism of

other P450 monooxygenases. Typically (type I) three separate

proteins are required for functional activity, namely a cytochrome

P450 reductase (putidadoxin reductase), an iron–sulfur electron

transfer protein (putidaredoxin) and the cytochrome P450

monooxygenase enzyme. Thus, unlike cytochrome P450BM3

from Bacillus megaterium, which contains both a haem-containing

P450 domain and a cytochrome P450 reductase domain in a

fused form, P450CAM is not a catalytically self sufficient enzyme.

For applications in the synthesis of fine chemicals, bioremediation

and the development of herbicide resistant plants, an efficient

enzyme system is clearly desirable. For P450CAM the three

proteins have been engineered into a fused system.2 However,

in comparison to the wild type system, the activity was found to

be quite low. Moreover, the lack of effective high throughput

screening methods has limited the number of variants that

can be screened in order to identify modified enzymes with

altered properties (e.g. broadened substrate specificity or

enhanced rate of electron transfer between P450CAM and

putidaredoxin).

Recently we reported an approach for identifying P450CAM

variants based upon generating fully randomised active site

libraries coupled with GC-MS screening for product formation.3

The use of GC-MS allows only ca. 500 variants per day to be

screened and hence places limitations on the size of libraries that

can be evaluated. Hence we sought to develop an alternative

approach that would be able to handle much larger libraries.

The basis for this method is that a library of P450CAM mutants,

in which the active site residues of Tyr96 and Phe98 were

combinatorially randomised, was screened for the ability to

catalyse hydroxylation of indole 1 to 3-hydroxy indole 2, which

subsequently undergoes spontaneous air oxidation to produce

the insoluble dye indigo 3 (Scheme 1). This dye can easily be

detected at very low levels and can be used as an indication of

enzyme activity either on LB-agar or liquid media. During the

screening of P450CAM mutant enzymes, which were functionally

co-expressed with their natural redox partners in E. coli for

activities towards various substrates (e.g. diphenylmethane), we

observed that some of the mutant enzymes produced a dark

blue pigment within the biotransformation wells. Although

similar observations of this kind have been reported previously

for several mono- and di-oxygenase enzymes, including styrene

monooxygenase,4 naphthalene dioxygenase,5 cytochrome

P450s2A6 and 2E1
6 and P450BM3,

7 there are no previous reports of

the involvement of P450CAM in the pigment formation. We

subsequently identified the pigments formed in bacterial cultures

containing a functional recombinant P450CAM system and

examined the ability of different P450CAM variants to catalyze

indigo formation.

A library of P450CAM mutants8 (Tyr96/Phe98) was screened for

hydroxylation of various substrates in a 96-well microtitre plate

format (only 48 wells were used), in which each well contained a

mutant of P450CAM (at least one amino acid mutation).

Generation of the blue pigment was observed in several wells

(Fig. 1, Panel A). Addition of exogenous indole (1 mM) resulted in

enhanced colour formation with the same variants (Fig. 1, Panel

B). Pigment formation in the absence of added indole is not

surprising, since it was previously demonstrated that a tryptopha-

nase in E. coli converts tryptophan to indole.9 Wild type P450CAM

does not form the pigment regardless of the presence or absence
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of indole in the growth medium. Therefore colour formation

is clearly associated with the variant enzymes. Small scale

biotransformations were carried out using mutant 43.10 The

pigment produced in the P450CAM mutant culture was separated

into four components. The visible spectra of two major

components give absorbance at max, 602, 550 nm, which

correspond to indigo 3 and indirubin 4.6,7 Positive ESI mass

spectrometry yielded an apparent MH+ ion at m/z 263 as expected

for 3 and 4. The yield of indigo formed using mutant 43 was

approximately 9 mg/L, which is comparable to that obtained with

other monooxygenases.5

We then compared the variants showing activity towards indole

with a structurally different substrate, diphenylmethane. Fig. 2

presents the relative activities towards indole and diphenyl-

methane, the latter determined by GC-MS. Interestingly the

ability of the variants to hydroxylate indole correlates very well

with their ability to hydroxylate diphenylmethane (ca. 96%

correlation). Only two of the 48 mutants (17 and 45) which

displayed activity towards diphenylmethane showed little or no

activity for indole.

The structure–function relationship of the variant enzymes can

be summarised as follows. Maintaining Phe98 and mutating

Tyr96 to Ala, Cys, Gln, Gly, Met, Ser and Thr resulted in good

activity towards indole. The order of activities was found to be as

follows: Met . Ala . Cys . Thr 5 Gln 5 Ser . Gly. Sulfur-

containing amino acids (Met, Cys) showed amongst the highest

activities.

These results may explain why wild type P450CAM is unable to

hydroxylate indole. Unlike camphor, indole lacks the carbonyl

group that interacts with the hydroxyl group of Tyr96.

Furthermore, mutation of Phe98 to Leu, and Tyr96 to Ala, Gly,

Met, Ser and Thr provided additional confirmation of the

adverse effect of hydroxyl-containing amino acids in the active

site of P450CAM for hydroxylation of indole type substrates. This is

probably due to interference with hydrogen bonding. Mutation

of Tyr96 to Gly and Phe98 to Leu, Phe and Trp showed

activities in the following order: Leu . Trp . Phe. This result

emphasises the importance of maintaining a significant degree of

hydrophobicity in the active site. Additionally, since indole is

sterically less demanding than camphor, there is no restriction

for indole binding and hydroxylation in the presence of these

aliphatic and aromatic amino acids. Effects of further mutations

of this kind (Phe98 and Tyr96) to various amino acids are

summarised in Table 1. In short, amino acid substitutions

identified in this study promote binding and oxidation of

unnatural substrates.

Such high correlation suggested that it might be possible to pre-

screen large libraries using indigo production as an indicator.

Accordingly, the entire library of P450CAM Y96/F98 variants (400

possible variants) was screened in this way resulting in the selection

of 96 (out of 980) colonies that appeared to be blue, a hit rate of

approximately 10%. The positive colonies were then transferred to

a second ‘indole master plate’ for future screening experiments

against new substrates. In summary we believe this method is

superior to alternative approaches based upon NAD(P)H

monitoring assay in several respects, in particular, (i) since it is

based upon screening colonies on agar plates it should be possible

to evaluate a large number of mutants (ca. 105–106) and (ii)

because the screen is for functional activity it eliminates the

problem of identifying false positives due to uncoupling which is

often observed.

Fig. 1 Microtitre plate assay showing indigo formation in absence (A)

and presence (B) of indole by P450CAM mutants.

Fig. 2 Comparison of the relative activities of specific variants of

P450CAM using indole (oxidation to indigo) and diphenylmethane

(hydroxylation) as substrates.

Table 1 Relative activities of indigo formation by P450CAM variants

96 98 Relative activitya

Wild-Type 0 Tyr Phe 0
Mutants 1 Gly Leu 76

12 Phe Gly 12
17 Ser Glu 0
19 — Met 35
23 Phe — 15
24 Met Leu 64
27 Gln Phe 58
28 Ser Phe 56
29 Ala Leu 59
38 Ala Phe 91
39 Thr Phe 60
40 Ser Leu 40
41 Cys Phe 72
43 Met Phe 100
44 Gly Phe 8
45 Ser His 0
46 Thr Leu 46
47 Gly Trp 41

a Absorbance at 602 nm due to indigo formation was used as a
measure of relative activities for the mutants.
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