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Abstract
The rates of oxidation of fatty acids by CYP119 Compound I were dependent on the pH of the
medium. The plot shows log k for reactions of acids as a function of pH, where the slopes indicate
mixed third-order and fourth-order dependence on base concentration. For palmitic acid, the rate
increased by a factor of 50 over the pH range of 6.8 to 7.3.
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Cytochrome P450 enzymes (CYPs or P450s) are ubiquitous heme-containing enzymes with
protein thiolate from cysteine serving as the fifth ligand to iron.[1] Most P450s catalyze
oxidation reactions, and hepatic P450s oxidize many xenobiotics as well as most of the
drugs used by humans.[2] The active oxidants in P450s are widely thought to be oxoiron(IV)
porphyrin radical cations analogous to the so-called Compound I transients formed by
reactions of peroxidase and catalase enzymes with hydrogen peroxide.[3] P450 Compounds I
have not been observed under turnover conditions, but they can be prepared by “shunt
reactions” where resting P450s are oxidized by hydroperoxy species. Shunt reactions were
implicated early in P450 studies,[4] and spectroscopic evidence that Compound I transients
were formed in these reactions accumulated over the past two decades.[5] The best
characterized P450 Compound I is that formed by reaction of CYP119 with m-
chloroperoxybenzoic acid (MCPBA).[5b, 5d]

Much research has focused on understanding P450-catalyzed hydroxylations,[6] but direct
kinetic studies of P450 Compounds I are in their infancy. P450-catalyzed hydroxylations of
fatty acids, often at unactivated C-H positions, have a special distinction in that the search
for fatty acid hydroxylase enzymes drove research that led to the discovery of one of the
first characterized P450 enzymes.[7] Recently, we reported that rate constants for fatty acid
oxidations by CYP119 Compound I were dependent on glycol co-solvent concentrations.[8]

We now report that both the rates and regioselectivities of fatty acid oxidations by CYP119
Compound I are highly dependent on pH, further implicating a rate-determining
conformational changes in the complex of Compound I with substrate for long chain fatty
acids.
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Kinetic studies of dodecanoic (lauric) acid oxidations by CYP119 Compound I purportedly
under the same reaction conditions gave different rate constants. Rittle and Green found that
the reaction was so fast that only an apparent second-order rate constant could be
obtained,[5d] whereas we found that saturation kinetics could be observed leading to a
distinct binding constant and first-order rate constant.[8] Given the obvious environment
effect we recently observed and the evidence that the rate-determining step involved a
conformational change, we explored the possibility that pH effects influenced the kinetics of
fatty acid oxidations.

The kinetics of reactions of octanoic (caprylic) acid, dodecanoic (lauric) acid, and
hexadecanoic (palmitic) acid with CYP119 Compound I were studied at varying pH using
the stopped-flow kinetic method employed previously.[5d, 8] In a four-syringe stopped-flow
kinetic unit, Compound I was produced by oxidation of the ferric enzyme with MCPBA,
aged for 100 ms, and mixed with substrate. The rate of formation of ferric enzyme as
Compound I reacted was followed. Details of the method have been reported[8–9] and are
summarized in the Supporting Information. Results are in Table 1. When pH < 7.4, we
observed curvature in the kinetic plots indicating saturation kinetics with reversible
formation of a complex and rate-limiting first-order reaction of the complex. At pH 7.4, the
rates increased so rapidly with concentration that we were not able to observe curvature in
the plots.

Perdeuterated acids were studied for comparison to several of the results with non-
deuterated acids, and the kinetic isotope effects (KIEs) in the first-order rate constants are
listed in Table 1. Perdeuterated octanoic acid reacted less rapidly than the non-deuterated
isotopomer giving modest KIEs. For dodecanoic acid and hexadecanoic acid, the
perdeuterated isotopomers reacted with the same rate constants as the non-deuterated
substrates. The saturation kinetics data requires that a complex of enzyme and substrate is
formed reversibly, but the small or absent KIEs indicate that the first-formed complex is
non-reactive and must isomerize to a reactive form (see Supporting Information). Such a
model for reactions of CYP119 Compound I was presented previously.[5d, 8]

Because the KIEs for dodecanoic acid and hexadecanoic acid are 1.0 at all pH, the oxidation
rate constants for the deuterated acids are greater than the rate-limiting isomerization rate
constant. Using a KIE of kH/kD ≈ 7 as found for intramolecular KIEs for dodecanoic and
hexadecanoic acids,[8] the oxidation rate constant for hexadecanoic acid at pH 7.3 would be
greater than 3500 s−1. Further assuming zero entropy of activation for the first-order
process, the activation energy for the reaction at 4 °C would be less than 12 kcal/mol, a
remarkably low activation energy for functionalization of unactivated C-H bonds. For
comparison, Bell and Groves recently reported a highly reactive model for P450 Compound
I,[10] and extrapolation of their Brønsted-Evans-Polanyi relationship predicts that their
model would react with an unactivated C-H bond at 10 °C with a rate constant of 0.01 M−1

s−1 or activation energy of about 15 kcal/mol.

The pH effect on the kinetics found here explains diverse results previously reported for
reactions of dodecanoic acid with CYP119 Compound I. Rittle and Green found that
reaction of dodecanoic acid in 100 mM phosphate buffer at 4 °C was too fast to observe
saturation kinetics and reported an apparent second-order rate constant of kapp = 1.2 × 107

M−1 s−1 at a reported pH 7.[5d] We found that the reaction at pH 7.0 displayed saturation
kinetics, but the reaction at pH 7.4 studied here has exactly the same rate constant as found
by Rittle and Green. In a similar manner, the apparent rate constant for reaction of octanoic
acid previously reported was kapp = 4.5 × 105 M−1 s−1 at pH 7,[5d] and we found a similar
rate constant at pH 7.4. Thus, careful measurement of pH is necessary in P450 Compound I
kinetic studies.
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The results clearly demonstrate that the isomerization reactions are strongly accelerated in
increasingly basic solutions. Plots of log kexp versus pH demonstrate good linearity (Figure
2), and the slopes, which give the order of dependence on hydroxide concentration, are 3.3 ±
0.1 (octanoic acid), 3.4 ± 0.7 (dodecanoic acid), and 3.5 ± 0.1 (hexadecanoic acid). These
values indicate a minimum of two competing reactions in the rate-determining step, one
third-order in hydroxide, and the other fourth-order in hydroxide (see Supporting
Information). Based on the pH range of the kinetic effect, the rate-determining isomerization
reactions appear to involve fast reactions for deprotonated forms of histidine residues.
CYP119 contains seven histidines, three of which are within 11 Å of the heme iron in a
reported structure,[11] but identification of histidines controlling the rates of the
isomerization reactions would seem to require studies with site-directed mutants.

The regioselectivities of the oxidation reactions also were found to be dependent on the pH
and demonstrate competing reactions with different kinetic order in hydroxide (Table 2). In
these experiments, the hydroxylation product mixture was treated with diazomethane to give
methyl ester products that were analyzed by GC for quantification and GC-mass
spectrometry for identification.[12] An example of the pH effect on regioselectivity is shown
in Figure 3 for dodecanoic acid reactions at pH 7.0 and 7.4

The regioselectivities for oxidations of dodecanoic acid and hexadecanoic acid at pH 7.0 and
7.4 are listed in Table 2. At the lower pH, dodecanoic acid was oxidized at the ω-1, ω-2, and
ω-3 positions in comparable amounts, but, at higher pH, it was oxidized almost exclusively
at the ω-1 and ω-2 positions. Previously, dodecanoic acid oxidation by CYP119 under
turnover conditions was reported to give mainly the ω-1 and ω-2 products in an approximate
3:1 ratio,[12a] and reactions of CYP119 Compound I were reported to give comparable
amounts of ω-2 and ω-1 alcohols[5d] or comparable amounts of the three alcohol products
found here.[8] The regioselectivity of oxidation of hexadecanoic acid behaved much like that
of dodcanoic acid; at pH 7.0, the ω-1, ω-2, and ω-3 products were formed in an approximate
1:2:1 ratio, and at higher pH, the ω-3 product decreased considerably.

In conclusion, we have found that the rates of reactions with CYP119 Compound I with
fatty acids are highly dependent on the pH of the medium with rates increasing with greater
than third order in base concentration as the pH is raised. The rate-determining steps in the
reactions are conformational changes in the complex of activated Compound I plus substrate
that, one assumes, bring the substrate into intimate contact with the activated oxygen atom
of the oxo-iron(IV) moiety, and the rates of those changes appear to be related to the
protonation states of histidines. Combined with the previous demonstration that glycol co-
solvents strongly affect rates of fatty acid oxidations by CYP119 Compound I,[8] a high
mechanistic complexity for the hydroxylation reactions is apparent. One should exercise
caution in predictions of rates of C-H hydroxylations by P450 Compounds I until more
detailed information is available.

Experimental Section
Materials

MCPBA (Sigma-Aldrich) was recrystallized before use. Cytochrome P450 119 (CYP119)
was expressed in E. coli and purified by the method of Koo et al.[12a] The isolated enzyme
had an Rz value (ratio of absorbance at λmax of the Soret band to that at 280 nm) of 1.6 to
1.7 indicating high purity.[12a] Octanoic acid, dodecanoic acid, and hexadecanoic acid
(Sigma-Aldrich) and their perdeuterated isotopomers (Cambridge Isotopes) were
commercial samples that were used as obtained.

Su et al. Page 3

Chembiochem. Author manuscript; available in PMC 2013 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Oxidation products
Bulk oxidations with MCPBA-generated Compound I were conducted by treating CYP119
(1 nmol) and substrate (1 mmol) in 1 mL of 100 mM phosphate buffer (pH 7.0 or 7.4) at 4
°C with MCPBA (10 nmol). After 10 min, the reaction was quenched by addition of dilute
HCl to bring the solution to pH 1, and the mixture was extracted with CH2Cl2 (15 mL). The
combined CH2Cl2 phases were dried (MgSO4), internal standard was added, and the mixture
was treated with excess diazomethane in ether. The resulting mixture of methyl esters was
analyzed by GC on a Carbowax 20M bonded phase column for quantitation. For
identification purposes, the mixture of methyl esters of the hydroxylated products was
treated with excess N-methyl-N-trimethylsilylacetamide to give the O-trimethylsilyl
derivatives that were analyzed by GC-mass spectrometry on a DB5 bonded phase column
according to their fragmentation patterns as previously described.[12]

Kinetic Studies
The methods for kinetic studies with MCPBA oxidations were the same as previously
reported.[5d, 8] In brief, the oxidations were conducted in a four-syringe stopped-flow mixing
unit held at 4 °C using photo-multiplier detection with monochromatic light. Equal volumes
of buffered solutions of the enzyme (20 μM) and MCPBA (20 μM) were mixed in the first
push of the stopped-flow unit, aged for 100 ms, and then mixed with a buffered solution
containing substrate at varying concentrations. The growth of signal at λ = 416 (λmax of the
ferric protein) was followed. The data analysis is discussed in the Supporting Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Rate constants for reactions of CYP119 with fatty acids at 4 °C in 100 mM phosphate buffer
solutions at varying pH. The observed pseudo-first-order rate constants are shown as circles.
The lines are fits for the kinetic parameters in Table 1. The plots are labeled with the pH of
the solutions.
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Figure 2.
Plots of log kexp versus pH. The lines are linear regression fits.
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Figure 3.
GC traces of methyl esters of products from oxidation of dodecanoic acid at pH 7.0 (A) and
pH 7.4 (B). The products elute as follows: methyl 9-hydroxydodecanoate (23.4 min), methyl
10-hydroxydodecanoate (24.1 min), methyl 11-hydroxydodecanoate (25.2 min).
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Table 1

Rate constants for reactions of fatty acids with CYP119 Compound I.[a]

Substrate pH Kbind (M−1) kexp (s−1) KIE[b]

Octanoic acid[c] 7.0 (4.3 ± 0.3) × 103 6.9 ± 0.2 2.3 ± 0.2

7.2 (6.7 ± 0.8) × 103 33 ± 2 3.3 ± 0.4

7.3 (8.9 ± 0.4) × 103 69 ± 1 4.5 ± 0.2

Dodecanoic acid[c] 7.0 (2.1 ± 0.2) × 104 33 ± 2 1.00 ± 0.2

7.1 (3.1 ± 0.4) × 104 45 ± 2

7.2 (4.1 ± 0.6) × 104 199 ± 6

7.3 (4.5 ± 0.3) × 104 269 ± 8 0.92 ± 0.10

Hexadecanoic acid 6.8 (3.3 ± 0.3) × 104 10.3 ± 0.3 1.07 ± 0.08

6.9 (4.0 ± 0.4) × 104 19.8 ± 0.7 1.03 ± 0.08

7.0 (4.4 ± 0.2) × 104 52 ± 1 1.02 ± 0.03

7.1 (4.6 ± 0.3) × 104 117 ± 3 1.02 ± 0.12

7.2 (5.0 ± 0.2) × 104 241 ± 4 1.03 ± 0.04

7.3 (5.8 ± 0.6) × 104 514 ± 25 1.03 ± 0.16

[a]
Reactions in 100 mM phosphate buffer at 4 °C with errors at 1σ.

[b]
Kinetic isotope effect in kexp. with errors at 2σ.

[c]
At pH 7.4, apparent second-order rate constants were kapp = (4.9 ± 0.2) × 105 M−1 s−1 for octanoic acid and kapp = (1.2 ± 0.1) × 107 M−1

s−1 for dodecanoic acid.
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Table 2

Regioselectivity of oxidations of fatty acids by CYP119 Compound I.[a]

Substrate pH ω-3 ω-2 ω-1

Dodecanoic acid 7.0 36 29 35

7.4 3 36 61

Hexadecanoic acid 7.0 26 50 24

7.4 5 61 34

[a]
Reactions in 100 mM phosphate buffer at 4 °C. Percentages of alcohol products with errors estimated at ca ± 5% of the reported value.
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