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A Self-Sufficient Peroxide-Driven Hydroxylation Biocatalyst
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Materials and Methods

General Remarks

All chemical reagents were procured from Aldrich, Sigma, or Fluka.  Hydrogen

peroxide was purchased as a 35 wt% solution (Aldrich).  Peroxide stock solutions were

prepared fresh each day in 100 mM Tris-HCl, pH 8.2.  Buffers and media were prepared

according to standard protocols.[1]  Restriction enzymes were purchased from New

England Biolabs and Roche.  Deep-well plates (96 wells, 1 ml volume per well) for

growing mutant libraries were purchased from Becton Dickinson.  Flat bottom 96-well

microplates (300 µl per well) for screening mutant library activities were purchased from

Rainin.  The 12-pNCA substrate was synthesized as described,[2] except hydrolysis of the

ester was not performed enzymatically.  Instead, the ester was dissolved into THF, mixed

with an equal volume of an aqueous solution of 1 M KOH, and allowed to reflux with

stirring for 6 hours.  Following hydrolysis, the aqueous layer was separated, and

12-pNCA was crystallized by addition of H2SO4 and then washed.  The THF layer was

saved for a second round of hydrolysis.  The final product was verified by 1H NMR,

recorded on a Bruker DPX 300 spectrometer.
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Enzyme Expression and Purification

P450 BM-3 enzymes were expressed in catalase-deficient E. coli[3] using the β-D-

thiogalactopyranoside (IPTG)-inducible pCWori+ vector.[4]  Cultures for protein

production were grown as described[5] and the 6-His-containing BMP proteins were

purified using the QIAexpressionist kit (Qiagen) as described.[5]

Library Generation

Error-prone PCR libraries were generated using standard protocols.[6]

Specifically, 100 µl reactions contained 7 mM Mg2+, 0.2 mM dNTPs plus excess

concentrations of dCTP and either dTTP or dATP (0.8 mM each), 20 fmole template

DNA (as plasmid), 30 pmole of each outside primer, 1X Taq buffer (Roche) and 1 µl (1

Unit) Taq DNA polymerase (Roche).  Due to the high Mg2+ concentration and excess of

two dNTPs, no Mn2+ was necessary to generate mutant libraries with a suitable fitness

landscape (30% to 40% of variants had <5% of parent activity).  The temperature cycle

used was: 94 oC for 1 min followed by 29 cycles of 94 oC for 1 min then 55 oC for 1 min

then 72 oC for 1:40.  StEP recombination was performed similar to the protocol

described[7] using HotStar Taq DNA polymerase (Qiagen).  A 50 µl PCR reaction

contained ~0.12 pmole total template DNA (comprised of approximately equal

concentrations of seven mutant genes), 0.2 mM dNTPs, 5 pmole outside primers, 1X

HotStar buffer (containing  15 mM Mg2+), and 2.5 U HotStar Taq DNA polymerase.  The

temperature protocol was as follows: (hot start) 95 oC for 3 min, followed by 100 cycles

of 94 oC for 30 sec and 58 oC for 8 sec.  For all PCR manipulations on the entire BMP

gene the forward primer sequence was:
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5’-ACAGGATCCATCGATGCTTAGGAGGTCATATG-3’

and the reverse primer sequence was:

5’-GCTCATGTTTGACAGCTTATCATCG-3’.

The heme domain gene was cloned into the pCWori vector using the unique restriction

sites BamHI upstream of the gene and EcoRI downstream.  All site-directed mutants,

saturation mutagenesis libraries, and random oligonucleotide mutagenesis libraries were

generated by standard SOEing PCR procedures[8] using oligonucleotides ordered from the

Caltech Biopolymer Synthesis Facility and either HotStar Taq DNA polymerase

(Qiagen), Pfu DNA polymerase (Stratagene), or Taq DNA polymerase (Roche).

Screening

Colonies from transformations of mutant libraries were picked into 96-well deep-

well plates containing LB medium (300 µl) and ampicillin (100 µg/ml).  Plates were

incubated at 30 ºC, 270 rpm, and 80% relative humidity in a Kühner ISF-1-W shaker.

After 24 hours, 20 µl of culture liquid from each well was used to inoculate 300 µl of TB

medium containing ampicillin (100 µg/ml), thiamine (0.5 mM), and trace elements[9]

contained in 96-deep-well plates.  Handling of 96 cultures at once was accomplished

using a Beckman Multimek 96-channel pipetting robot.  The LB pre-cultures were stored

at 4 oC as master plates.  The TB cultures were grown at 30 ºC, 270 rpm with shaking for

approximately three hours before being induced for protein expression by the addition of

δ-aminolevulinic acid (1 mM) and IPTG (0.5 mM).  Cultures were then grown for an

additional 18 hours.
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After cell growth the plates were centrifuged and cell pellets were frozen at -20 ºC

before lysing.  Lysis was accomplished by resuspending the cell pellets in 300 - 700 µl

Tris-HCl buffer (100 mM, pH 8.2) containing lysozyme (0.5 - 1 mg/ml) and

deoxyribonuclease I (1.5 - 4 Units/ml).  The pellets were resuspended and lysed by

mixing for approximately 15 minutes before centrifugation.  An appropriate volume (10 -

50 µl) of the clarified cell lysates containing soluble BMP (heme domain) mutants were

used in the activity assay, as described below.

The most active mutants in a generation were streaked onto agar plates to obtain

single colonies, which were then picked for rescreening.  Rescreening was performed as

described above, except 10 ml TB cultures were grown instead of deep-well plate

cultures.  Cell pellets were resuspended in 1 ml Tris-HCl (100 mM, pH 8.2) and lysed by

sonication.  P450 concentrations were quantified from the clarified lysates by CO-binding

difference spectra.[10]  Specific activities and total enzyme turnover values were

determined to verify that the selected mutants were improved with respect to the parent

enzyme.

Peroxygenase Activity Screening Assay

Activity on 12-pNCA was determined by monitoring the formation of p-

nitrophenolate (pNP) (398 nm) at room temperature using a 96-well plate

spectrophotometer (SPECTRAmax Plus, Molecular Devices).  A typical reaction well

contained 140 µl 100 mM Tris-HCl buffer pH 8.2, 10 µl stock solution of substrate (4

mM 12-pNCA) in DMSO, and purified enzyme (or clarified lysates when screening).

Reactions were initiated by the addition of 10 µl H2O2 stock solution.  Final
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concentrations were 250 µM 12-pNCA, 6.3% DMSO, 1 - 50 mM H2O2, and 0.1 – 1.0 µM

enzyme.  The absorbance reading for each well was zeroed before addition of H2O2 so

that end-point values could be calculated.  Data for accurate determination of 12-pNCA

turnover rates with purified enzyme were collected using a BioSpec-1601

spectrophotometer (Shimadzu).  These reactions contained 300 µM 12-pNCA, 6%

DMSO, 1 - 10 mM H2O2 and either 0.5 µM HF87A or 0.2 µM 21B3 in 100 mM Tris-

HCl, pH 8.2.  Reactions were carried out in cells with a 1 cm path length, and pNP

formation was measured by monitoring absorbance at 398 nm.  The extinction coefficient

of pNP under the exact conditions used in the spectrophotometer assay was calculated

from a standard curve generated with known concentrations of pNP.  Initial rates were

calculated in the first few seconds of reaction, where product formation was linear with

time.

Determination of Peroxygenase Activity with Fatty Acids and Styrene

Product distributions and turnover numbers on fatty acids (myristic, lauric, and

capric) were determined as described.[5]  Briefly, reactions contained 1 - 4 µM purified

P450 heme domain enzyme and 1 - 2 mM substrate in 500 µl 100 mM Tris-HCl, pH 8.2.

Initial rate reactions were run for one minute.  Total turnover number reactions were run

for 30 min.  Reactions were run at room temperature and initiated by the addition of 5

mM H2O2 (total turnover determinations) or 10 mM H2O2 (initial rate measurements).

Reactions on fatty acids were stopped by the addition of 7.5 µl 6 M HCl.  Internal

standards were added and products were extracted, cleaned, derivatized and quantified as

described.[5]  Reactions using styrene as substrate were prepared in a similar fashion:
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Styrene reaction mixtures contained 5 mM H2O2 and 2% DMSO (total turnover

reactions) or 10 mM H2O2 and 6% DMSO (initial rate reactions).  Reactions were

stopped by the addition of 1 ml pentane followed by vigorous shaking.  200 nmoles of 3-

chlorostyrene oxide was added as the internal standard.  The products were extracted

twice with 1 ml pentane.  The pentane layer was evaporated down to ~200 µl and injected

directly onto the GC without derivatization.

Reaction products were identified by GC/MS using a Hewlett Packard 5890

Series II gas chromatograph coupled with a Hewlett Packard 5989A mass spectrometer.

Quantification of fatty acid and styrene reaction products was accomplished by GC

equipped with a flame ionization detector (FID).  The GCs were fitted with an HP-5

column.  A styrene oxide standard curve was generated to quantify styrene oxidation.

Authentic standards for each hydroxylated isomer of the fatty acids were not available, so

standard curves were generated using the available ω-hydroxylated standards.  Authentic

standard samples were prepared in the same fashion as the reaction samples.  It was

assumed that the FID response is the same for all regioisomers of a given hydroxylated

fatty acid.

Evolutionary Pathway of BM-3 Heme Domain Activity

Figure 4 depicts the approximate activities of mutants selected throughout the

evolution of peroxygenase activity, relative to HF87A.  Activities in Figure 4 were

measured as the initial rates of pNP formation (from 12-pNCA) using cell lysates in 1

mM H2O2.  In the first three rounds of evolution, mutant libraries were screened for

activity in 1 mM H2O2 to identify variants with reduced peroxide requirements (lower
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Km) and 50 mM H2O2  to isolate variants with increased activity and/or stability to

peroxide.  Initial rates of pNP formation as well as TONs were used as selection criteria.

Two mutants from the first generation, created by error-prone PCR, were chosen as the

parents for two separate second generations, also created by error-prone PCR.  A total of

seven improved mutants were then recombined using StEP.[7]  Although screening in 50

mM H2O2 identified variants with increased initial activity at this concentration, none

were more stable to peroxide (i.e., the half-life of the enzyme in 50 mM H2O2 was not

improved).  Therefore we continued screening only in 1 mM H2O2.  Two more rounds of

error-prone PCR and screening resulted in mutant “21B3”.

Using increased TON as the selection criterion would allow us to identify mutants

which are active and/or more stable to peroxide (higher TONs would be reached).  We

found that mutants with higher rates also had higher TONs and vice versa, and mutants

selected for higher TON were no more stable to peroxide.  Note from Figure 4  that the

evolutionary pathway does not appear to be approaching saturation of peroxygenase

activity (a local optimum has not been reached).  Thus, further rounds of mutagenesis and

screening should result in further improvements in peroxygenase activity.
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Figure 4: Evolutionary Pathway of BM-3 Heme Domain Activity 
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Amino Acid Substitutions in Mutant 21B3 (in addition to F87A)

Mutation Position in Heme Domain Structure

I58V helix B (buried)

H100R helix C (surface)

F107L loop between helices C & D (buried)

A135S loop between helices D & E (surface)

M145V helix E (buried)

N239H end of helix H (surface)

S274T helix I (buried)

K434E β-sheet 4-1 (surface)

V446I β-sheet 3-2 (buried)

There are no mutations between aa positions 146 and 238, corresponding to the F

and G helices of the heme domain, which undergo major conformational changes upon

substrate binding.[11]  Interestingly, in a similar study in which BM-3 was evolved to

hydroxylate alkanes (via the natural NADPH pathway), 5 out of 11 mutations occurred in

the F and G helices.[12]  Mutations H100R and F107L are less than 5 Å from the heme

edge on the proximal side.  Sequence alignments with other P450s indicate that H100

corresponds to a conserved position where the residue is typically an Arg.[13]  These

residues are believed to participate in hydrogen bonding to one of the heme propionate

groups.  In BM-3, H100 lies too far from the heme to directly hydrogen bond with the

heme propionate.  Instead, H100 is in hydrogen bonding distance of a
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crystallographically ordered water molecule, which in turn hydrogen bonds with a heme

propionate.[14]  It is possible that His and Arg are interchangeable in this role, or that the

H100R mutation replaces the water molecule and directly interacts with the heme.  The

crystal structure of the heme-FMN domain interface indicates that H100 also forms a salt

bridge in this complex,[15] a function no longer necessary in the P450 peroxygenase.
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